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ABSTRACT
The re lative e ffic ienc ies  o f silicon  dioxide, silicon  n itride, 
chromium + silicon  n itride, native gallium oxide, aluminium and native 
gallium oxide + aluminium as encapsulants fo r gallium arsenide have been 
investigated,, The performance o f each encapsulant was assessed by 
Rutherford back scattering and Hall measurements * The e lectrica l properties 
o f tin  implanted G-aAs as a function of both annealing temperature and time 
have also been studied in order to characterise the annealing kinetics*
Silicon dioxide was found to be unsuitable because o f the 
outdiffusion and collection  of gallium at the outer surface of the 
encapsulant* Although silicon  n itride layers were more e ffective  in
preventing .impurity outdiffusion, they blistered and lost adhesion above
o / ® \700 Go The addition of a thin ( rw 200 A ) interlayer o f chromium between
the G-aAs substrate and the silicon  n itride film  greatly improved the adhesion
o f the latter* Unfortunately, an insoluble compound was formed at the G-aAs
surface due to chromium indiffusion0 Thermal native oxides sometimes gave
good results but not reproducibly because of the d iff icu lty  in gin wing
layers of a consistently high quality* An evaporated aluminium encapsulant
was very successful at 700°G but above this temperature interdiffusion at
the G-aAs -  A1 interface caused surface staining* The use o f dual, native
oxide + aluminium, layers gave similar results but, because o f the oxide
inter layer, staining was reduced significantly* Both these encapsulants
were unreliable above about 800°C especially fo r annealing times longer
than 5 min* The sheet electron concentration of tin  implanted G-aAs
increased with annealing time until, a fter 15 - 30 min, a saturation leve l
was reached* The annealing process was characterised by an activation
energy o f about 1 eV, a value believed to be consistent with the dissociation
o f donor-vacancy complexes* Two distinct depth regions were observed in
which different annealing kinetics occurred and a possible explanation
fo r  this is  discussed.
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ENCAPSULATION:
* You b o il i t  in sawdust; you salt i t  in glue;
You condense i t  with locusts and tape;
S t i l l  keeping one principal object in view,
T' preserve it s  symmetrical shapec *
— LEWIS CARROLL, The Hunting o f the Snark*
EXPLANATION OF RESULTS:
1 There are three hundred and seventy-two competent renderings 
o f a single verse of one o f the more cryptic Odes, and i t  has 
been aptly claimed that even the appearance o f a g ira ffe  must be 
capable o f some rational explanation. *
— ERNEST BRAMAH, The Moon o f Much Gladness
1 . m c m M
1.1 Aim of Project
This investigation is  concerned mainly with the examination o f the 
e lec tr ica l properties o f Sn~impl anted G-aAs using Hall measurements in 
conjunction with layer removal techniques to obtain depth p ro files  o f carrier 
concentration and mobility, the aim being to maximise both the e lectrica l 
a c tiv ity  and carrier mobility in a reproducible manner by varying experimental 
conditions.
I t  is  now w ell known that a fter implantation, even at elevated 
temperatures, an annealing cycle is  essential to x'e&uce irradiation damage 
and so give the GaAs material good e lec tr ica l characteristics. Post-implant 
anneals in the range 700 -  10Q0°C are generally employed fo r  th is purpose. 
Unfortunately at temperatures above 300°G arsenic tends to be lost from the 
G-aAs surface and the resulting non-stoichiometry causes a deterioration o f the 
e lec tr ica l properties. Consequently i t  is  essential to use an encapsulant 
that can maintain the surface composition of the specimen at temperatures up 
to 1000°C. An important part o f th is project is  therefore devoted to 
experimenting with various encapsulants in order to determine what their 
advantages and lim itations are and so to be able to select one that is  most 
e ffec tive  fo r our purposes.
A further aspect of this work involves the characterisation o f the 
annealing kinetics occurring in GaAs so as to be able to predict the leve l of 
e lec tr ica l activ ity  given the encapsulant, anneal temperature and treatment 
time. Information of this kind could be very useful in industrial 
applications.
1.2 GaAs as a device mater i al
1.2.1 Introduction
Before 1.9.60 semiconductor physics was characterised by a strong 
emphasis on the. elemental semiconductors Si and Ge„ The technological 
problems involved were solved fa ir ly  rapidly and the development process 
led to the widespread use o f these materials in solid state active devices*
In contrast, the study o f semiconducting compounds was slow mainly 
because o f the tec lino log ica l d iff ic u lt ie s  Involved in their preparation. 
However, modem refinements o f the growth, process enable compound 
semiconductors, especially GaAs, to be produced with very low impurity and
defect concentrations and consequently advances in I I I  -  V semiconductor
technology have been rapid in recent years* I t  was only in 1952 that 
(1 )Welker1s x ' experimental results and theoretical predictions suggested 
that the I I I  «• V compounds were a l l  semiconductors with a close relationship 
to the semiconducting elements of Group. IV* A decade of intensive 
investigation followed a fter which the study o f the physical properties of 
these compounds (especially GaAs) was essentially complete© Since then 
the emphasis has shifted to their practical applications©
1.2.2 D iffe rences between GaAs and Si or Ge
The crystal structures o f GaAs (aInc blende type) and Si or Ge 
(both diamond type) are very similar and account fo r  their basic 
semiconducting properties* However, the importance o f GaAs as a new 
device material rests on properties not shared by the elemental materials 
Si and Ge©
TABLE 1.1 Some properties o f Ge, Si and GaAs
Property Ge Si GaAs
Band gap at 300°K (eV) 
Type o f band gap 
Electron mobility at
300°E .(cm A .s )
Hole mobility at 
300°K (cm/V. s)
0*66
Indirect
3900
1900
1.12
Indirect
1500
.600
1 ©43 
Direct 
8500
400
From the data in Table 1©1 above several important differences
emerge
( i )  The key factor in the importance o f GaAs as a device material is  
it s  high electron mobility (about a factor of 5 higher than Si) which 
suggests it s  su itab ility  fo r use in high frequency devices* Besides, GaAs 
has a wider band gap and so is  a better material fo r  high temperature and 
high power applications than Si or Ge*
( i i )  Another important factor l ie s  in the nature o f the GaAs band gap:
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In Si or G-e the minimum in the conduction hand occurs at a momentum d ifferent 
from the maximum in the valence band; in other words Si and C-e have indirect 
band gaps. In such materials electrons cannot move from the valence to the 
conduction band without changing momentum and consequently give up most of 
their energy in the form of la ttic e  vibrations or phonons. In contrast,
GaAs has a direct band gap structure in that the minimum in the conduction 
band occurs at the same momentum as the maximum in the valence band. In 
this case electrons can make the transition between the two bands without 
changing momentum and consequently they give up almost a ll the ir energy in 
the form of photons. I t  is  this feature that makes the use o f GaAs possible 
in the fabrication o f ligh t emitting diodes and injection lasers,
( i i i )  A further important property of GaAs is  the nature o f the 
conduction band: There are two valleys in the conduction band one o f which
is  O.36 eV higher than the other* Electrons in the lower va lley have a 
greater mobility than those in the higher valley. Because the energy 
difference between the Valleys is  so small, high e lectric  fie ld s  can impart 
enough energy to electrons to cause them to move from the lower to the 
higher va lley . Yrhen the higher energy va lley  is  more densely populated, 
the material, exhibits a d ifferential, negative resistance which gives rise
to built in stab ilities  such as the Gunn e ffec t in which domains form and
d r ift  across the material,
1.2*3 Some Device Applications o f GaAs
(a) Light Emitting Diodes (LEDs)
When a p-n GaAs diode is  forward biased, electrons are injected 
into the p-side and holes into the n-si&e. Electrons and holes recombine 
randomly and emit energy in the form o f ligh t, most of which is  produced 
on the p-side of the junction. The internal quantum effic iency is  very 
nearly 100/6 ( i . e .  each injected carrier produces one photon). However,
not a l l  the generated ligh t exits through the crystal, surface, most o f i t  
being lost due to bulk absorption and to ta l internal re flection  resulting 
in external quantum effic ienc ies  o f about 1fo c
In a GaAs LED ligh t is  emitted in the infra-red region at a 
0
wavelength of about 9000 A ♦ To obtain v is ib le  ligh t a solid solution of 
GaAs and GaP can be used, the proportions o f each determining the colour 
o f emitted ligh t; fo r  Inst mice, a mixture o f 6O/0 GaAs and AO>o GaP
results in red ligh t emission at a wavelength o f about 6700 A.
In recent years LEDs have become very important fo r  display 
purposes and have found wide acceptance in numerical displays fo r  
calculators, watches and measuring instruments and also as sub-miniature 
lamps fo r  st at us-indic at ion purposes. The main advantages o f these 
devices are their high r e lia b ility , low cost, low power consumption and 
small physical size.
(b) Injection Lasers
In an in jection laser recombination is  stimulated by photons
and is  not "spontaneoiis** as in the case o f the LED. The simplest fom
o f in jection laser consists o f a GaAs p-n junction in which the two ends
perpendicular to the plane o f the junction are cleaved and polished to
form an e ffic ien t resonant cavity. When the diode enters the lasing mode
of operation a mo no cliro mat i c , coherent beam o f ligh t is  emitted in the
plane o f the junction. The p-n junction can be formed either by a
( 2 )diffusion process or, more recently, by ion implantation , the la tte r 
method being more controllable.
The small physical size o f the GaAs laser makes it s  use possible 
in portable communication and ranging systems and in optical coupling in 
high speed circu its.
(c ) IMPATT Devices
The principle o f the IMPATT (impact. Avalanche, Transit Time) 
class of device was f ir s t  projjosed by Read ^   ^ in 1958 but i t  was not 
until 1965 that an actual operating device was demonstrated by Johnston 
et al ^  \
The IMPATT osc illa to r is  a two terminal p~n junction device
that operated at reverse bias in the avalanche breakdown region© Several
device structures have successfully been used: p~n, p-r-n, p ~n«n
(ca lled  p~n IMPATTs) and p+~n-i-n+ or n+~p~i~pH" (called Read-type IMPATTs).
O riginally the device material used was Si but GaAs is  increasingly taking
over because of its  higher power conversion effic iency and lower noise 
(5  )characteristics «
When a sinusoidal voltage is  superimposed on the d .c0 reverse 
bias across an IMPATT device, the a.c. component of the current w il l  be 
180° out o f phase with the applied a0c0 voltage due to avalanche injection
and transit time effects* As a result o f th is phase difference between 
voltage and current the 3MEATT device exhibits a negative resistance and 
can thex’efore be used as an oscillator* Usually the device is  imbedded 
in a microwave circu it resonant at the required frequency* A d*c* bias 
alone is  used, oscilla tion  being in itia ted  by the high frequency components 
o f thermal noise which thereafter is  self-sustaining*
At present, GaAs IMPACT microwave oscilla tors can deliver
continuous output power leve ls  in excess o f 10 watts at 10 GHz with a
(6  )d*co-to-rnicr owave conversion effic iency greater than 20/c ' *
IMPACT devices are increasingly being used to replace klystron 
valves in low power radar systems*
(d) Gunn Devices
The possib ility  o f a semiconductor exhibiting bulk negative
resistance was f ir s t  theoretica lly predicted in 19&1 by Ridley and
( ? )  (8  )Watkins and subsequently by Hilsum  ^ ' e Two years la te r  Gunn
( Q )
reported experimental evidence fo r  such behaviour v *
In the Gunn e ffec t device, which consists basically of a bar 
o f n-type GaAs with ohmic contacts at both ends, a f ie ld  greater than the 
threshold value ( 3  kV/crn) fo r  negative d iffe ren tia l resistance is  
applied* This results in the formation o f a h igh-field  domain at the 
negative electrode which then d r ifts  through the device at the saturated 
electron d r ift  ve locity 10 cir/sec). When the domain reaches the 
positive electrode the current rises and then fa l ls  again as a new 
domain forms at the negative electrode* Hence oscilla tion  results with a
period equal to the active length o f the device divided by the saturated
d r ift  ve locity  (f\/ 10 cm/sec)* Since a typical device length can be
of the order of 10 cm, the frequency of oscilla tion  is  in the microwave
region.
Although a Gunn oscillator’ does not require a resonant cavity 
to operate, most practical devices are usually enclosed within such 
cavities and operated in either the 1 quenched-doinain" mode in which 
domains do not transit across the fu l l  device -length or in the 
"delayed-domain" mode in which the formation of a new domain is  delayed 
by reducing the f ie ld  below the threshold value* In both these cavity- 
controlled modes there is  the advantage that the frequency o f oscilla tion
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is  determined by the cavity rather than the domain transit time; besides, 
carrier noise is  reduced and conversion effic iency increased.
Because Gunn devices produce typ ica lly  10 -  20 dB less noise 
than equivalent IMPACT devices they are more suitable in loca l oscilla tor 
applications fo r  radar systems. Other applications are envisaged in the 
high-speed computer fie ld . Here capacitive contacts can be made in a 
required pattern along the length of the Gunn device which w il l  then 
produce a code of output pulses as a domain transits across the device. 
Because of the very short, usually sub-nanosecond, transit times 
associated with the Gunn e ffec t these devices w il l  be ideal in very high 
speed computer applications*
Quite apart from the Gunn e ffec t, the negative d iffe ren tia l
resistance phenomenon in GaAs can, by the coxrect choice o f conditions,
give rise to either the stable amplification mode ) or the limited
( 1 1 )space-charge accumulation (LSA) mode
I f  the product o f the carrier concentration and the length o f 
a bulk n-type GaAs device is  less than about 10 cm”* , and the device 
is  in a proper c ircu it, osc illa tion  does not occur; instead the device 
w il l  amplify small signals at the transit time frequency (saturated d r ift  
velocity/device length) and possibly some harmonics o f th is frequency* 
However the re la tive ly  high noise figure ( r » l 6 <3B) and low (rs' 2/o ) 
d .c , -  to -  r*f<> conversion effic iency o f such a device lim its its  
applications .
In the LSA mode, the formation of domains is  suppressed by
carefu lly controlling the device voltage waveform. Since transit time
effects  are now excluded, the device length does not a ffect the oscilla tion
frequency. So by having a long active region (possibly 0o02 cm) very
large pulse powers can be produced* Pulsed LSA oscilla tors are capable of
delivering a few hundred watts o f microwave power in the 3 15 GHz region
( 1 2 )with duty cycles o f less than 0,01 v * 9 making possible the use of 
these devices in medium-power pulsed radar transmitters,
( e) Field E ffect Transistors (FETs)
The frequency x-esponse of an n-cliannel FET is  mainly determined 
by the mobility o f the electrons in the channel region. Because of the 3 s 1 
advantage o f GaAs over Si on this score attention was naturally directed to
the possib ility  o f GaAs being used in the fabrication o f FETs to increase 
their frequency response and power-handling capability© Advances in this 
f ie ld  have been rapid and already GaAs FETs have been shown to have a
higher gain and lower noise factor than their Si counterparts at X-band
(13 )  frequencies N ' ©
To produce a successful Schottky-barrier FET i t  is  essential 
to grow a very uniform, thin ( ^  0.2 yum ) n-type epitaxial layer on a 
semi-insulating GaAs substrate to form the required channel region. 
Variations in  thickness and carrier concentration over this layer are 
reflected in non-uniform FET characteristics over the wafer area 
resulting in a low y ie ld  o f acceptable devices. Recently, however, ion 
implantation of sulphur into semi-insulating GaAs has been used to 
produce an n-layer with uniform thickness and carrier concentration 
thus eliminating the d iff ic u lty  in growing a suitable epitaxial layer. 
Using this method a high y ie ld  with l i t t l e  variation in performance 
characteristics from device to device has been demonstrated ^
( f )  Optical Waveguides
One of the more recent applications o f GaAs is  in the 
fabrication of circu it components fo r  integrated optics.
Channel optical Y/aveguides have been produced by proton
(15 )rrradration o f GaAs at 300 keV usxng a mask to define the channel ' ' .
This proton bombardment creates defect centres in the material which 
trap free carriers so eliminating their negative plasma contribution 
to the refractive index; the re suit is  an increase in refractive index 
in the implanted area.
Dual channel directional couplers have also been fabricated 
in GaAs. In th is case two para lle l channels are formed which are 
su ffic ien tly  close together to allow energy coupling from one to the 
other. A possible application of the directional coupler is  the switch 
modulator in which the degree o f ligh t coupling can be controlled 
electro-optica lly. Such a device can be used to switch ligh t from one 
channel to another and so w il l  find uses in signal multiplexing and 
ligh t switching in optical communication networks.
Furthermore, the directional coupler can also be made 
polarisation-sensitive by choosing a specific plane in the GaAs crystal
to act as the guiding plane* This device can then he used to multiplex two 
channels with d ifferent polarisations into a single output channel.
Work is  steadily progressing in  this f ie ld  with the ultimate aim 
"being to produce a complete integrated optic system on a single GaAs chip*
1*2,4 Conclusion
Y/e have shown that the special properties of GaAs make i t  a
valuable material fo r  device fabrication especially in the microwave fie ld . 
In some devices GaAs is  steadily talcing over from Si despite the la t te r 's  
w ell established technology; other devices have been fabricated exclusively 
from GaAs because the properties of Si make i t  unsuitable as a starting 
material.
The recent rapid advances in the. technology o f GaAs coupled with 
the use of ion implantation promise s t i l l  further developments in 
established GaAs devices as well as the invention of completely new devices.
1*3 Ion Implantation
1.3*1 -Advantages o f ion implantation
Ion implantation, as a process whereby controlled amounts of a
chosen dopant species can be introduced into the surface layer of a 
material, is  in direct competition with the well established techniques o f 
thermal diffusion, epitaxy and alloying* The success o f ion implantation 
l ie s  in the many advantages i t  has over these la tte r  traditional doping 
methods.
The advantages of ion implantation may conveniently be divided 
into those attributed to it s  non-thermal nature and those to its  charged 
particle nature:
Non-thermal nature
( i )  Any dopant species can be introduced into any substrate at any 
temperature® This makes possible the use of implantation in the study o f 
new classes o f devices not possible by conventional doping methods*
Because ion implantation is  a non-equi.librium process, solid 
so lub ility  lim its can generally be exceeded and a ll dopants regardless of 
the magnitudes o f their diffusion coeffic ients can be rapidly and deeply 
introduced into chosen substrates.
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In contrast, doping by diffusion is  practical only in those cases 
where the diffusion coeffic ien ts of the desired dopants are large enough to 
allow reasonable penetration depths in re la tive ly  short processing times; 
furthermore, the maximum dopant concentration is  set by the solid solubility 
lim it. These drawbacks restrict the f le x ib i l i t y  of diffusion as a method 
o f introducing impurities into materials.
Doping by epitaxy, as an alternative to diffusion, has the 
disadvantages of lack o f con tro llab ility  and high cost whereas alloying 
methods have very limited applications.
( i i )  In general, ion implantation and any subsequent annealing 
involves lower temperatures and shorter processing times than comparable 
diffusion techniques. This is  an important advantage in compound 
semiconductors which usually have low dissociation temperatures*
( i i i )  An accurate control over the amount and distribution o f the
impurity is  possible using implantation whereas diffusion or epitaxy are 
much less controllable processes from th is point o f view.
( i )  By varying the ion energy the impurity depth p ro file  can. be
varied. For instance, i f  a f la t  p ro file  is  required i t  can be readily 
obtained by using several successive implants at different energies.
In the case o f diffusion the p ro file  is  determined solely by the diffusion 
kinetics and so lacks the f le x ib i l i t y  o f implantation.
( i i )  I t  is  possible to monitor continuously the number of dopant ions
entering the material with great accuracy and th is leads to better control 
and reproducibility.
( i i i )  Ion beams can be scanned by electrostatic fie ld s  over re la tive ly
large areas and so whole semiconductor wafers can be uniformly and 
reproducibly doped resulting in higher device yields,
( iv )  Since implanted ions enter the substrate surface as a narrow
beam a high la tera l defin ition  o f the implanted area is  possible using 
conventional photolithographic masking techniques. Devices can therefore 
be made with smaller dimensions and reduced overlap capacitance leading 
to higher operating speeds.
Potentially there is  the possib ility  o f obtaining even higher
-  10
device packing-density by using very fin e ly  focused microbeams,, As the 
technology advances i t  is  quite feasib le fo r  a computer controlled ion 
microbeam to "draw" circu its d irectly  onto a semiconductor s lice without 
the necessity fo r  masking.
(v ) Ion implantation lends i t s e l f  well to highly automated processing
steps resulting in higher device yields and lower costs©
1,3• 2 Some applications o f ion implantation
( a) MOS devices
At present the most successful area fo r  the application o f ion 
implantation is  in the f ie ld  o f silicon MOS devices, both discrete and 
integrated.
In the MOS transistor the metal gate electrode itself* can be 
used as a mask to define accurately the boundaries o f the implanted source 
and drain regions. This autoregistration process reduces the M iller 
feedback capacitance that exists between the drain and gate by minimising 
overlap o f the drain by the gate electrode so enabling higher switching 
speeds to be achieved. Also, since the implanted dopants have very l i t t l e  
la tera l spread as compared with diffused dopants the gate width can be made 
smaller resulting in  shorter carrier transit tines betv/een source and drain 
and consequently higher operating frequencies©
A further advantage is  the possib ility  o f varying the threshold 
voltage of the MOS device by implanting through the gate oxide layer.
C b )
CODs are closely related to MOS devices and can also benefit
from ion implantation© An important application here is  the fabrication
o f buried inplanted channels to increase the signal charge mobility by
avoiding the effects o f trapping states near the Si-SiO2 interface. Other
applications include the use o f self-aligned implanted n !’ regions to avoid
the necessity o f etching narrow gaps ^ ^   ^ and the fabrication o f implanted
conducting channels in charge coupled inaging devices to remove sp ill-over
(17 )charge thus reducing the e ffect o f charge-spread from bright spots ©
( c) Resistors
In fabricating low power bipolar or MOS integrated circuits 
there is  a need fo r  incorporating high-value resistors on the same
11
semiconductor chip. Diffusion methods cannot produce sheet re s is t iv it ie s  
above about 10^  ohms/square in silicon  and so high-value resistors involve 
large surface areas and consequently high parasitic capacitance* Another 
possib ility  is  the use o f thin films to form these high-value resistors 
but as this involves hybrid technology i t  is  expensive© Ion implantation 
provides a simple solution because sheet re s is t iv it ie s  above 10^  ohms/square 
are readily obtainable in silicon ; besides, the temperature coeffic ient of 
resistance o f the implanted resistor can be made very small by a careful 
post-implant annealing cycle.
(d) • 3MFATT diodes
The fabrication o f IMPATT diodes requires careful ta iloring of
/
the carrier concentration p ro file  and this can be readily achieved by 
implant at ion.
Evans et al  ^ have produced a. double d r ift  s ilicon  p^-p-n-n1" 
IMPATT device by implanting boron at several different energies into an
*4* *|*epitaxial n -  on -  n wafer to achieve the required p -  p ro file . The p 
region was formed by conventional diffusion methods which also served to 
anneal out radiation damage caused during the implantation stage.
(19  )Berenz et al have also used an implantation step to
fabricate a Schottky-barrier Read-type IMPATT diode in GaAs with a 
metal-n,j-n0~n+ structure. The dopant concentration must be shallow 
and higher than which is  d iff ic u lt  to obtain using epitaxial techniques. 
However, by implanting sulphur ions at several different energies the 
required p ro file  can be readily achieved.
(e ) LEDs
Recently implantation has been used to increase the performance
+ (20 ) and effic iency o f LEDs. For instance, hot N implants have been shown
to increase the emission effic iency o f GaAs. _ P LEDs by forming e ffective*1 “Ov 2c
recombination centres. Using th is implantation step the emission effic iency 
has been increased by a factor o f 1000 over unimplanted LEDs at 77°K*
( f ) Device Isolation
(21 )Proton irradiation o f GaAs v or GaP pinduces high resistance 
surface layers and can be used to isolate devices from one another using
yjl -4 C
doses o f l O ^ - 1 0  cm”  * In GaP the bombardment also turns the material
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opaque v 7 and so oan be used to isolate individual elements, both
(23 )e lec tr ica lly  and optically, in a LED array N 7•
(g ) Metals
Although i t  has long been known that surface properties such as 
coeffic ien t o f fr ic tion , wear resistance and corrosion behaviour of 
metals and alloys are closely related to the ir near-surface compositions 
i t  is  only recently that ion implantation has been applied to a lter 
these properties.
Hartley et al have shown that a dose of 3 x 10^
2 1 Sn+ ions/cm at 380 keV into En 332 steel results in a 60)'o reduction
in the coeffic ient of fr ic tion .
(25 )A n till et al have applied yttrium implantation to inhibit
the high temperature C0o oxidation o f an austenitic stainless steel used 
fo r  fu e l cladding in nuclear reactors* Unlike implantation, the 
alternative yttrium alloying process is  accompanied by a reduction in 
the du ctility  and tensile strength of the treated steel.
Ion implantation in metals is  a very new f ie ld  and research is  
s t i l l  in progress to explore new potential applications,
(h) Optical, Magnetic and Superconducting Materials
Ion implantation is  capable o f inducing controllable changes
in the optical refractive index of materials such as s ilic a  and GaAs,
This, together with the fin e la tera l dimensions achievable by
photolithographic masking techniques, has led to the fabrication of
(15)buried optical waveguides and couplers with tne eventual goal of
forming complete optical integrated circu its to generate, modulate, 
transmit and detect ligh t.
Work has also been in progress on the use of ion implantation
(26 )to control the properties of magnetic garnets  ^ 7, For instance,
proton or helium implantation has been used to control internal stress 
f ie ld s  so that fo r  positive magnetostriction garnets this results in 
magnetisation perpendicular to the surface whereas before implantation, 
due to growth-induced stress, the magnetisation was in the plane o f the 
material making domain formation irapossible«, Magnetic bubble garnets 
fo r  use in high density, non-volatile computer stores are s t i l l  in the 
development stage but they are potentially very important and
( 22 )
In the f ie ld  of superconducting materials, Freyhardt et al ' ' 
have shorn that implantation o f nickel ions into niobium f o i l  increases 
the c r it ic a l f ie ld  and c r it ic a l current. Although there has been l i t t l e  
published work to date there is  a growing interest in the various effects 
of ion implantation on the superconducting properties of metals and alloys 
and rapid progress is  expected in this fie ld .
1*3*3 Conclusion
The few examples mentioned above serve to illu strate the wide 
range of applications o f implantation. Although ion implantation is  now 
quite well established in s ilicon  technology and somewhat less so in 
compound semiconductors i t  is  only just making an appearance in several 
new areas such as metals, magnetic garnets and superconducting materials.
As further research is  continued into a ll these fie ld s  one can 
well extrapolate into the future a situation in which ion implantation 
plays an important, i f  not dominant, role in many different technological 
fie ld s , some even yet to be discovered.
implantation could have a crucia l ro le  to play here.
( 27 )
HEAT TREATMENT AMD MTCAPSULATION OF ION XLlPhAITllD GaAs 
2o 1 Heat Treatment
2,1.1 Introduction
Most practical applications o f ion implantation in Gails 
require a post-implantation heat treatment stage to anneal out 
la ttice  damage and radiation induced defects so that the e ffects  o f 
the implanted ions predominate. This holds true even i f  the 
implantation is  carried out at an elevated temperature, although 
in such a case a lower anneal temperature and shorter treatment time 
w i l l  usually su ffice.
Because o f the importance of heat treatment as a processing 
step i t  is  essential to have some understanding o f its  e ffects on 
GaAs. This w il l  enable us to select the most suitable annealing 
conditions to optimise the e lec tr ica l properties o f the implanted 
materiaJU
Annealing is  mors d if f ic u lt  in the case o f a compound 
material lik e  GaAs as compared with an elemental material such as Si, 
Apart from the problems of oxidation and thermal etelling common to 
both, compounds are also liab le to dissociate and change composition 
at high temperatures. This situation is  further aggravated i f  the 
material is  ion implanted because the resulting la ttic e  damage may 
render the surface more reactive.
Before examining heat treatment specifica lly  i t  is  relevant 
f ir s t  to consider the phase system of GaAs, The phase relations in a 
compound are completely specified by a 3-dimensional Pressure -  
Temperature - Composition ( P - T -  x ) diagram, usually presented 
in the form o f three 2-dimensional diagrams of P -  T, P - x and T -  x. 
Theoretically, any required composition (x) can be obtained simply 
by choosing a suitable combination o f pressure (p) and temperature ( t )  
in accordance with the P - T - x diagram* In practice, however, this 
is  not possible at present in the case of GaAs because not enough 
experimental data is  available to enable a su ffic ien tly  accurate 
P - T »  x diagram to be drawn. Moreover, the anneal temperatures 
and times normally used fo r  ion implanted GaAs most probably do not 
allow thermodynamic equilibrium to be reached and this rules out the
Ga x     As
THE TMEERAT11HJS -  COMPOSITION ( T -  x ) 
PHASE DIAGRAM FOR GaAs
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use o f such a diagram which relates only to the equilibrium situation.
Fig. 2.1 shows the idealised Temperature - Composition ( T -  x ) 
phase diagram fo r  GaAs. The shaded area around the stoichiometric 
composition ( x =; 0*5 ) is  called the "existence region" within which 
single phase GaAs is  formed. Consider now the situation that occurs 
when a. stoichiometric GaAs specimen is  enclosed in a sealed vacuum 
ampoule which is  then annealed at some temperature T^ less than 1240°C, 
the melting point o f GaAs. Arsenic atoms w ill  evaporate from the 
solid and increase the arsenic pressure in the ampoule at the same 
time leaving behind arsenic vacancies in the specimen. I f  the 
ampoule is  much larger in volume than the specimen, the partial 
pressure of arsenic w il l  only rise slightly and arsenic atoms w il l  
continue to evaporate until the composition has moved a ll  the way 
from x =3 A to x = B on the solidus line ( see Fig* 20'i ) where the 
pressure is  then fixed by the phase rule. An exactly similar 
situation occurs i f  the specimen is  annealed in a continuously 
pumped vacuum system or in a stream o f inert gas. I f ,  however, the 
ampoule is  only s ligh tly  larger than the specimen the composition 
w il l  only change from x = A to, say, x ~ G when a pressure 
equilibrium w ill  be set up preventing any further arsenic evaporation*
In the extreme case where the specimen and ampoule volumes are equal, 
fo r  instance in the case o f an encapsulating film  deposited over 
the entire specimen, the composition w il l  remain unchanged at x = A 
after the annealing process.
In the f ir s t  two cases the deviation from stoichiometry 
im p lic itly  implies the existence of arsenic vacancies, with a higher 
concentration formed in the case o f the large ampoule. These arsenic 
vacancies can alter the e lec tr ica l properties o f the specimen and 
th is is  generally undesirable an i t  could mask the e ffec t o f 
implanted ions.
To summarise then, the maintenance of the stoichiometric 
surface composition o f GaAs annealed at a given temperature requires 
either a careful control over the pressure o f the system or, more 
practically, an encapsulant.
2.1.2 Literature Survey
Foxon et a l in U.H.V. annealing studies on GaAs have
reported that below 650°C equal amounts o f Ga and As evaporate
(congruent evaporation)© Above 650°0 however arsenic is  preferentially
lost and droplets o f gallium begin to form on the specimen surface. In 
(29)
contrast, Pic rain: has found that arsenic (mainly as the As,, species)
evaporates preferentia lly at much lower temperatures, with a significant 
release at about 300°G© Up to 600°C this loss is  greater fo r ion 
implanted GaAs and increases with increasing ion dose* Above 600°G 
however the rate o f arsenic vaporisation is  less fo r  implanted material© 
This result he attributes to the formation c f radiation induced defects 
and their diffusion to the surface which constitutes the rate-lim iting 
step in As evaporation. As fo r  gallium evaporation, only a vexy small 
amount was detected at 500° 0 but this increased with temperature and a 
surface micrograph at 72Q°C revealed the presence o f gallium droplets 
on the surface. The release o f Ga or As can be controlled to some 
extent i f ,  instead of annealing in a vacuum, Ga or As atmospheres are 
used. By means of photoluminescent spectra Chatter jee et al  ^ ^   ^
have demonstrated that heat treating GaAs in saturation overpressures 
o f Ga or As leads to the enhanced formation of As or Ga vacancies 
respectively©
There is  considerable experimental evidence fo r the existence
o f significant concentrations o f native point defects in annealed GaAs. 
(31)Potts and Pearson , fo r  instance, have observed defect concentrations 
19 -3o f the order of 10 cm which they assume to be arsenic mono vacancies.
(32)Chakraverty and Dreyfus have also found similar concentrations 
which they identify as gallium divacancies.
(33) -  (37)Many studies ' / report that annealing an n«type
GaAs crystal increases the acceptor concentration near the surface
and may convert the material to p-type. Several d ifferent explanations
have been proposed fo r  th is thermal type-conversion:
/ \
( i )  Edmond ' , in annealing studies o f n-GaAs in evacuated
quartz tubes o f varying gx'ades o f purity, attributes type-conversion 
to the fast-diffusing copper atoms present as an impurity in Quartz©
(34)( i i )  Hwang ' carried out p>hotoluminescent measurements on n-GaAs 
crystals annealed in evacuated quart2 ampoules and then rapidly quenched© 
For anneal temperatures below 870°C he finds that copper contamination 
is  solely responsible fox- the convex-sion to p-type© Above 900°C
however, thermal conversion is  caused both by copper acceptors and also 
by shallow, s ilicon  acceptors* The conversion associated with s ilicon  is  
believed to result from the transfer o f silicon  atoms from donor sites 
to acceptor sites through a trapping mechanism during the quenching 
process*
(35)
( i i i )  Toyama v f has reported that type-conversion by annealing 
in an overpressure of arsenic is  due to gallium vacancies behaving as 
acceptors; the excess arsenic is  presumed to enhance the formation o f 
these vacancies in the la ttic e .
( 36 )( iv )  Work by Harris et a l ^  on heat treated Sixioped epitaxial 
n-GaAs indicates that the reduction in n-activity or complete conversion 
to p-type is  due to the presence o f arsenic vacancies and not due to 
impurities such as copper or s ilicon  whose diffusion coeffic ients are 
not consistent with the observed carrier depletion depths.
(37)(v ) Munoz et a l have attributed n- to p-type conversion
to the formation of acceptors caused by both gallium and arsenic 
vacancies and they present strong evidence against contamination 
being a major factor.
Although vacancies in  GaAs are known to form e lec tr ica lly  
active centres there are no consistent assignments as to whether Ga
g a (35 )
and As vacancies are donor or acceptors. Some w 7 hold that
0 nr f
Ga vacancies are acceptors ■while others J 1 that As vacancies
(37)are acceptors or v 7 that both act as acceptors. In  a very recent 
paper Chiang and Pearson  ^ have concluded that in annealed GaAs 
As vacancies act as donors and have a high concentration near the 
surface whereas Ga vacancies are acceptors and have a lower surface 
concentration but exbend deeper into the material.
A further complicating aspect o f heat treatment is  the
possib ility  o f the resulting native defects interacting with
intentionally introduced impurities (by diffusion or im p la n t  at ion)
(39)to form e lec tr ica lly  neutral complexes . Although several papers 
devoted to th is topic have been published, the extent to which these 
native defect-impurity complexes affect the e lec tr ica l properties 
o f GaAs has s t i l l  not been completely resolved.
2.2 Enc a~psul at io n
2. 2.1 Introduction
To obtain high e lec tr ica l a ctiv ity  in GaAs implanted at an
elevated temperature (about 200° o ), post-implant anneal- temperatures
in the range 700 -  900°C are generally employed In some cases
however, an anneal cycle o f 900°0 and above is  essential as fo r
instance in the fabrication o f a p-n diode injection laser by
( 2 )implanting zinc ions into n-GaAs J. Here, although heat 
treatment at 700°G is  sufficient to give the material acceptable 
e lec tr ica l characteristics by reducing the density o f compensating 
centres caused by implantation damage, a 900°G anneal is  necessary 
to reduce the number o f implant at ion-induced non-radiative 
recombination centres in order to obtain e ffic ien t optical emission 
and iasing properties.
As has been mentioned previously, G-aAs tends to dissociate 
during heat treatment with significant non-stoichiometry evident at 
temperatures as low as 300°Go Obviously then some means o f controlling 
the surface composition is  essential when annealing implanted GaAs at 
the typ ical temperatures ( 700 -  1000°0 ) used to obtain suitably 
high levels of carrier mobility and e lec tr ica l activ ity . In practice 
th is almost invariably entails the use of some form o f encapsulant; 
the alternative method o f annealing in an arsenic or gallium atmosphere 
is  usually rejected because the conditions are d iff ic u lt  to control 
accurately.
The chief properties o f an e ffective  encapsulant may be 
summarised as follows:
( i )  I t  must be chemically inert with respect to both the 
substrate and the atmosphere present during the heat treatment.
( i i )  I t  should adhere well to the substrate over a wide 
temperature range ( room temperature' to 1000°C in the case o f GaAs ) 
without mechanically degrading.
( i i i )  The encapsulant must form an effective  barrier preventing 
the out diffusion o f substrate atoms and must also have no significant 
tendency to diffuse into the substrate©
( iv )  I t  should be able to be deposited readily by a simple low
t emperature pro ce ss ©
(v ) Besides, the encapsulating film  must allow easy chemical
removal leaving a clean substrate surface©
To date several different encapsulants, some fu lf i l l in g  
many of the above requirements, have been used fo r  ion implanted GaAs:
(a ) Silicon Bioxide ( SiO  ^ )
(b) S ilicon Nitride ( Si-. N. )
(c ) Native Gallium Oxide ( Ga  ^ 0  ^)
(a) Aluminium and Gallium Oxide + Aluminium
(e ) Aluminium Nitride ( AIN )
Each of these in turn w ill  be discussed in the literature
survey below©
2*2.2 Literature Survey
( a) Silicon Biox5.de ( SiO^ )
Although in early work on heat treated GaAs SiO^ was a very 
popular choice of encapsulant, recent findings have indicated that i t  
is  only moderately e ffic ien t in maintaining surface stoichiometry as i t  
generally permits some outdiffusion o f Ga atoms©
/ ] 1 }
Gyulai et a l used Rutherford baclcscattering to analyse
the Ga and As impurity content o f SiO  ^ films d.eposited on GaAs 
substrates and. heat treated in a nitrogen stream at 700 -  800°G©
Their results show that Ga out diffusion into the encapsulant occurs 
together with an accumulation of Ga at the SiO  ^ surface© Throughout 
the encapsulant Ga was found to be the predominant impurity with- As 
present at less than 20% of the Ga concentration. They ascribe th is 
to the fact that although As has a high vapour pressure at 700 ~ 800°G 
i t  is  the high diffusion coeffic ien t o f Ga that is  responsible fo r 
determining which species is  the dominant impurity in the Si0o layer. 
This ab ility  o f the S:U) 9 film  to prevent significant As out diffusion/ j r> \
has also been observed by Harx'is and Eisen . © These workers find
that the photo luminescent peak associated with As vacancies is  reduced 
by a factor of ten when pi'oton implanted GaAs is  annealed at 800°C 
with an Si0o film  as compared with sim ilarly tx'eated unencapsulated 
specimens©
«-.<> 21 **•
Harris et al in work on tellurium implanted GaAs confirm
th is Ga outdiffusion into SiO^ and in addition they observe enhanced 
Ga vacancy formation using photolumdnescent measurements. Further, 
these workers find that a movement o f tellurium towards the GaAs 
surface occurs following an 800°G anneal whereas no such outdiffusion
was detected fo r  Si^ encapsulation.
Hemment et a l heat treated ( 600 -  750°G ) specimens of
GaAs implanted with Sn or Te a fter encapsu3.ati.on ’with chemically de£X> sited 
Si0o. In agreement with the previously mentioned workers they also find, 
using both electron spectroscopy (BSCA) and Rutherford backscattering 
that at 600°G Ga diffuses through the encapsulant to the outside 
surface* At 750°G they observe the formation o f a thin non-uniform 
p - Ga2 0  ^ layer at the GaAs *=■ SiOg interface using transmission 
electron microscopy ( f f l ) ,  ESGA studies following anneals at 600 and 
750°G indicate an Increased Te y ie ld  at the GaAs -  Si02 interface 
( not observed fo r Si^ encapsulation ) which implies Te outdiffusion 
with the possible formation o f the second phase structure Ga  ^ Te^.
I t  is  interesting to note that Ga0 Te, has been de fin ite ly  identified/, j- \ 2
by Tunkasiri and Lewis using RItEED ( re flection  high energy
electron d iffraction  ) on GaAs specimens Implanted with Te and then 
vacuum-annealed at 550°C without a protective encapsulant.
(hG 1Benson et al confirm the existence o f similar second
phase precipitates formed by the implanted species. In  their case, 
fo r  Zn implanted GaAs coated with a passivating SiOp layer the 
second phase structures Zn^  As0 ( at 600°0 ) and Zn Ga2 0^ ( at 800 C ) 
were Identified , which they believe are due to outdiffusion o f As 
oi' Ga and indiffusion of oxygen from the SiC>2 layer.
As regards the doping o f GaAs i t  is  knovm that Group VI 
elements ( 0, S, Se, Te ) act as n-type dopants on As sites, Group I I  
elements ( Be, Mg, Zn, Cd ) are p-type dopants on Ga sites and Group XV 
elements ( C, Si, Ge, Sn ) are amphoteric, behaving as either n-dopants 
when they occupy Ga sites or as p-dopants when they occupy As sites.
I t  is  reasonable then to assume that the formation of Ga vacancies 
can benefit both Group I I  p-type implants and n-type implants from 
Group IV by fa c ilita tin g  th e ir substitution on Ga sites. In the case 
o f Group VI n~implants and Group IV p-implants both of which occupy
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As sites, Ga vacancies may be assumed to be detrimental because of 
the possib ility  of the formation of compensating Ga vacancy - dox^ ant 
complexes. There is  considerable experimental evidence that provides 
confirmation o f  the va lid ity  o f these assumptions and this w ill  be 
discussed next.
I t  is  well known that when GaAs specimens implanted with 
p-dopants from Group I I  are encapsulated with SiQ^ and annealed 
they achieve levels of e lec tr ica l a ctiv ity  ( sheet carrier 
concentration/implanted dose ) much higher than those obtained fo r 
sim ilarly treated Group VI n-dopants. Some examples o f maximum 
percentage e lec tr ica l a c tiv ity  fo r  typical Group I I  dopants are :
Be*1* (>80# at 600°C ) ^ 7\  Mg* ( 100$ at 800°0 and Cd*
( 100/6 at 800°0 ) . For Grouxo VI dopants these values are much
lower, fo r  example ; Te* ( 7/6 at 750°C ) and S* (<C 6>6 at 700°0 
This behaviour is  usually explained by the formation o f Ga vacancies 
caused by Ga outdiffusion into the SiO^ encapsulant which enhance 
the e lec tr ica l activation of those dopants ( Be, Mg, Cd ) that 
occupy Ga sites* On the other hand, these Ga vacancies are 
detrimental to those dopants ( Te, S ) that occupy As sites because 
o f the formation o f compensating complexes ( V ^  T e ^  , V ^  S^q ) .
Using photoluminescent measurements on Te* implanted Gails, 
Harris et a l ^  have observed the peak in the spectrum generally 
regarded as corresj>onding to Ga vacancy -  Te complexes ( V^ , ) .
13 -2 •!■In  therr experimental work they find that fo r  a 10 cm Te dose
and 750°G anneal the e lec tr ica l a ctiv ity  is  only 7/6 when a Si0o
encaosulant is  used but that th is increases to 30/6 with a Si., N,
3 4
coating. From measurements on the peaks of the photoluminescent 
spectra they find a much higher density o f Vq_ T e ^  complexes fo r the 
S102 encapsulant which is  in accordance with the fact that Ga 
outdiffusion occurs fo r  Si0o but not fo r  S i, N, . These complexes act2 T*
as compensating acceptors and account fo r  the difference in e lec tr ica l 
a c tiv ities .
The problem o f Ga loss in Si0o has‘ recently been investigated/CA\ C~
by Davies et al  ^ 7 using spun-on Si0o films containing Ga to reduce
the outdiffusion o f this species from GaAs and consequently to inhibit 
the creation of Ga vacancies. They find that in the case o f heat
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treated S*h implants the encapsulants, arranged in descending order of 
doping effic iency are Ga + SiO^, Si,, and Si0o. For Si+ implanted 
specimens the revex'se occurs with the highest e lec tr ica l activ ity  
obtained fo r Si0o, the lowest fo r  Ga 4 SiQ,, and S i, N. intermediate0a <L j  if
This behaviour can be explained in a manner similar to that 
given above : S occupies As sites and since fewer Ga vacancies are 
present fo r  Ga 4- SiO^ as compared with SiO  ^ fewer compensating
complexes are formed leading to higher e lectrica l activ ity  in the 
former case. Conversely, Si occupies Ga sites and as Ga 4- SiD0 
inhibits the formation of Ga vacancies fewer Si atoms become e lec tr ica lly  
active as compared with the case of SiOg*
We conclude by noting that, as the lim itations o f SiO  ^ fo r  
encapsulation purposes have become increasingly clear in recent years, 
there has been a corresponding sh ift to the use of other encapsulants 
especially Si^ N^.
(b) Silicon N itride ( Si,, )
Of la te , although Si0o is  s t i l l  being successfully used as
(2 ) ( 19)a passivating layer in the fabrication o f some GaAs devices ' '  ,
i t  has generally fa llen  into disfavour and is  being rapidly superseded 
by more e ffective  encapsulants. The main trend has been towards the 
use of Si^ because o f its  significant advantages over Si02 and 
these w il l  be discussed below.
For many years SiX^ served as the most widely used material
fo r  insulation, masking and passivation of silicon  devices. However,
this oxide has several shortcomings the more serious o f which are its
ineffectiveness as a barrier to certain diffusing impurities and the
ionic polarisation that occurs under the influence o f external e lectric
fie ld s  which adversely affects the surface characteristics o f devices,
especially f ie ld  e ffec t devices. In  the search fo r  a better material
i t  was found that S i, N. had superior properties in both these respects©i  4- \
In very early work Hu & Gregor v observed that substances such as
water, oxygen, phosphorus and gallium did not' diffuse through Si, N.
o ^film s even at temperatures above 1000 C. Further, they found
neglig ib le ionic polarisation but a measurable electronic conductivity
when applying voltages across these film s.
The ab ility  of Si^ to block the outdiffusion of both Ga 
and As in heat treated ( 750°G) Si^ -  encapsulated GaAs has been 
reported by Harris et a l  ^^  and Hemment et al Consistent with
th is lack of Ga outdiffusion, the former group of workers have in 
addition observed, using photoluminescent techniques, a lower density 
of Ga vacancy -  tellurium complexes in the case o f Si^l’L^  -  encapsulation 
as compared with Si02© In  contrast, work by Gyulai et al  ^ indicates 
the outdiffusion of Ga into the Si^ layer together with Ga 
accumulation at the n itride surface following anneals in the range 
700 -  8Q0°C, I t  is  d iff ic u lt  to account satisfactorily fo r  this 
seemingly anomalous result; a possible explanation may be that the 
Si,, coatings used were not o f a high enough quality©
Results obtained by Kernment et a l fo r  Te-1- implanted GaAs
encapsulated with a sputtered S iy coating and annealed at 750°0 show
forms at the GaAs -  S i, N, interface and that there 
is  no tellurium outdiffusion© In contrast, as mentioned earlier, both 
B -  Ga0 07 and Te outdiffusion were observed by these workers fo r  
sim ilarly treated SiO^ -  encapsulated specimens© Another publication ' ^ ' 
confirms this difference between Si-, Nj and SiO  ^ layers as regards Te 
outdiffusion.
The results o f several groups o f workers seem to indicate
that the method o f depositing the Si^ layer on GaAs may determine
the maximum anneal temperature that the layer can withstand© For
instance, a re actively sputtered n itride was found to bubble and lose • 
o (401adhesion above 900 C ' 4 whereas a pyrolytic S i, N. film  proved to be
o (52) •>satisfactory to at least 1000 0 v 4 © The difference in the
effectiveness o f these two n itrides may be due to their d iffering
chemical compositions and physical structures and hence strain
characteristics© The strain properties o f the encapsulant are an
important parameter because o f the large thermal mismatch between
S i, N. and GaAs, the coeffic ien ts o f expansion being 3«2 x 10*"^  and 
•*»£> o *t6,8 x 10“ C respectively. Another factor may be the d iffering
oxygen content, possibly in  the form o f SiO^, o f the n itrides produced
by the two methods of deposition© Furthermore, even i f  a similar
deposition method is  used, the actual experimental details may be a
(53)crucial factor: pyrolytic deposition by Woodcock et al results
that no (3 -  Ga^  0^
in Si^ films that f a i l  above 750°G whereas Donnelly et a l  ^
employing a similar method, but using a shorter time to bring the 
specimens to the reaction temperature (f^ > 750° 0 ) > obtain film s that 
can withstand at least 1000°Go In this case, the re lative .inefficiency 
o f the former n itride may be due to the outdiffusion and loss of arsenic 
before and during the in it ia l  part o f the film  growth. Surprisingly, 
the encapsulation e ffic iency o f n itride films has also been found to 
depend on whether the substrate material, used is  epitaxial or bulk 
3emi~insulating GaAs; variations have even been observed fo r  nominally 
similar epitaxial, material obtained from different manufacturers  ^ ,
In general, the use o f Si^ encapsulation has proved to be 
quite successful fo r  several d ifferent n-dopant implants in GaAs, 
three of which w ill  now be considered.
Eisen et al  ^ ha.ve investigated the e lec tr ica l properties
o f GaAs Implanted with Te* at elevated temperatures ( 150 -  350°0 ) ,
coated with Si-. N, and annealed in the range 750 ~ 900°Go They achieve
up to 50$ e lec tr ica l activ ity  and. peak electron concentrations very near
the maximum obtainable in material doped with Te during growth
10 cm” ) ,  with best results obtained fo r specimens annealed at
900°C. A large scatter in the e lec tr ica l activ ity  was observed fo r
the 900°C anneal which the authors attribute to the non-adherence o f
the S i, N, films.
2 4
Similar encouraging results have been obtained fo r Si* and Se* 
( 52)implants by Donnelly et al N 7. A pyrolytic S i, N, encapsulant
oenabled them to anneal specimens reproducibly up to at least 950 0
13 -2With doses below 10 cm e le c tr ic a l a c t iv it ie s  greater than 70$ Y/ere 
achieved with 900°G anneals fo r  both Si* and Se* implants.
To summarise we note that most results indicate that S i, N.P 4
is  an excellent encapsulant with properties far superior to Si09. 
Unfortunately, i t  seems that the method o f deposition o f the nitride 
and the GaAs substrate used are both important parameters which can 
have a pronounced e ffect on the e ffic iency of the encapsulant.
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( c) Native Gallium Oxide
Previous work by Hemment et a l  ^ revealed the formation of 
^ -  Ga^ O^  when SiO^ encapsulated GaAs was annealed at 750°0© Despite
the presence o f th is layer, e lec tr ica l activ ity  similar to published
, ,  ( 55 )
values was obtained fo r Cd and Te implants ' and this raised
the possib ility  o f native gallium oxide acting as an encapsulant on its
own.
/ r / \
Sealy & Hemment ' have grown both thermal and aqueous 
oxides on GaAs and found that in most cases the oxide growth did not 
seem to change the near - surface carrier concentration although in 
some specimens compensation, probably due to oxygen accept ox' centres, 
occurred.
( 57)Later work by Sealy & D*Qruz N 7 on thernal oxides grown 
at 500 -  600°C on Te+ and Se+ implanted GaAs showed that following a 
700°G anneal 50% o f the specimens became n-type with the rest a l l  being 
p-type. In most cases the e lec tr ica l a c tiv ity  and mobility were found 
to be lower compared with aluminium encapsulated specimens. The general 
conclusion reached was that Ga  ^ 0  ^ encapsulation could give good results 
but not very reproducibly.
(d ) Aluminium and Gallium Oxide + Alum.in:inm
Work carried out at the University'' o f Surrey has suggested 
that the reproducibility o f e lec tr ica l a ctiv ity  a fter annealing donor
implanted GaAs at 700 or 750°G was low when the encapsulants SiO„ ( 5S),
( 59 )  ( 57 )Sx7 H. N ' and G&„ 0V were used and that i t  was also dependent3 4  2 3 , ,
on the source o f G-aAs '  *
Sealy & Surridge  ^ have overcome these problems using a
pOOO -  8000 2 layer o f evaporated aluminium as an encapsulant which
results in excellent reproducibility regardless of the substrate
material, used and is  also attractive because o f its  simplicity o f
deposition and ease o f removal. Successful anneals have been carried
out in the range 600 -  800°0 even though aluminium melts at 660°0 and
surface oxidation occurs above about 600°0. In more recent work using
( 61 )aluminium encapsulation Sealy et a l  ^ ' obtained reproducible results
fo r  Te*1’, Se* and Sn+ implants in GaAs carried out at 200°C followed by
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a 700° C anneal.
Some problems are encountered with aluminium especially at 
temperatures above '/QO0G s aluminium indiffusion occurs with the 
probable formation o f Ga- Al. As and some surface-staining* *vC jC
becomes apparent on removing the aluminium layer. The use of a
( 57)binary native Ga^  0, -i- aluminium encapsulant ' seems preferable
■2 Q
fo r  anneals above 700 C as cleaner surfaces are obtained than with 
aluminium alone.
( e) Aluminium Nitride (AIN)
AIN has several properties that make i t  an attractive
alternative to S i, N. as an encapsulant fo r  GaAs. F irst, the thermal.
—6 o —1mismatch between GaAs (coeffic ien t o f expansion = 6,8 x 10*" G ~ )
—6 o —Iand AIN ( 6*1 x 10” C ) is  less severe than between GaAs and Si,N.
, -6 o - K  3 4
( 3°2 x 10 0 ) and th is may reduce the problem o f non-adherence
of AIN at elevated temperatures* In addition, any oxygen incorporated
in the AIN film  w ill  be in the form o f A l0 0, which has been shown
( fo P
to be impervious to Ga and As diffusion ' ' whereas oxygen in Si-, N,
w il l  probably be in the form of SiQp which is  known to allow Ga 
outdiffusion*
(63 )
Pashley & Welch '  J have investigated the e ffects of 
sputtered S.i^  N^  and AIN coatings on Te* implanted GaAs* Using 
Rutherford back sc att ering they observed no Ga or As outdiffusion 
into the AIN (actually found to be composed of AIN and A 0  ^ in the 
ratio 3 ! 1 ) film  at 800°Go Further, scanning electron microscopy 
( SEM) revealed that the film  adhered well to the GaAs substrate.
Work on several specimens at 900° C indicated that AIN coatings 
yielded higher e lec tr ica l a c tiv it ies  than Si^ N  ^ coatings.
More recent results by Eisen et al  ^ confirm these in it ia l
findings. For both Te* and Se* implants heat treated at 900°G the AIM 
encapsulated specimens were found to have higher values o f e lec tr ica l 
activ ity , mobility and peak carrier concentration than sim ilarly 
treated Si^ N^  coated specimens*
2*3__ Conclusion
We have seen that GaAs, whether ion implanted at ambient or
elevated temperatures, requires an anneal stage in the range 7G0 - 1000°C
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to obtain acceptable e lec tr ica l characteristics. Heat treatment o f GaAs 
has been shown to give rise to numerous complications such as 
ncin-stoichiometry o f the near-surface region, conversion from 
n~ to p~type and the formation o f significant concentrations o f Ga 
and As vacancies which, in the case o f doped Gails, may additionally 
lead to native defect-ampurity complexes.
The use o f an encapsulant is  essential i f  these d iff icu lt ie s  
are to be alleviated. The various properties o f an ideal encapsulant 
have been mentioned and several encapsulants discussed dm the ligh t o f 
these cr ite r ia . The formation of a 8 -  Ga„ 0, layer and the outdiffusion
\ 2 p ^
o f both Ga and the implanted species lim it the effic iency o f SiO^ as 
an encapsulant. S i, N  ^has proved to be a better choice but its  
effic iency seems to depend both on the method o f deposition and on 
the substrate used and in some cases may give poor reproducibility of 
e lec tr ica l a ctiv ity  although, in  general, good results have been 
obtained fo r  a wide range o f implants. Aluminium has shown great 
promise because of it s  sim plicity o f deposition and the excellent 
reproducibility o f results at ’J00°Co At higher temperatures, hov/ever, 
aluminium indiffusion and surface-staining occur but i t  has been found 
that these e ffects can be reduced by using an interlayer o f native 
gallium oxide between the GaAs substrate and the aluminium overcoating. 
The use o f native Ga  ^ 0, alone as an encapsulant is  not recommended 
because o f the d iff icu lty  experienced in obtaining good reproducibility. 
The recent use o f AIN has proved to be very successful and in  general 
higher e lec tr ica l a c tiv ities  are possible than with S i, N .^
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  SXBSRS.IENTAL PROCEDURE
3.1 Specimen Preparation
In most o f the experimental v/ork the GaAs used was either 
bulk Cr-doped semi-insulating ox* epitaxial n - on -  semi-insulating 
material although fo r  some preliminary work bulk n- or p-type GaAs 
was chosen on grounds o f cost.
Q
The SI material had a re s is t iv ity  o f about 10 ohm -  cm and
both <(100 y and <(110^ > orientations were used. The epitaxial n/sl
GaAs slices were obtained from several manufacturers and in a l l  cases
were grown from the vapour phase with a <^ 100 )> orientation. They
were doped during growth to give carrier concentrations (n) o f
0.5 -  2.0 x 1015 crn”  ^ with layer thicknesses ( t )  between 1 and 5 p i
11 —2so that the resulting product (n „t) was about 2 x 10 cm which has
been found to give the most suitable background concentration fo r our
experiments. The n - and p- doped buLk GaAs used had carrier
17 -3concentrations of 1 -  5 x 10 cm and various crystal axes.
Most bulk material was received in the form of ingots
aligned to within ± 2° of the chosen crystal axis and these were then
cut into slices approximately 1.5 mm thick using a slow speed circular
diamond saw. This treatment is  known to cause surface damage extending
o /icy
to a depth greater than 10000 A . Since ion implantation is
basically a near-surface phenomenon with the penetration depth of
o
ions typ ica lly  100 -  1000 A, this sawing damage must be removed i f  
e lec tr ica l measurements on implanted material, are to y ie ld  meaningful 
results. This ca lls  fo r  a closely controlled polishing and etching 
treatment as the next step in the specimen preparation.
Although smooth, optica lly  f la t  surfaces can be produced by 
mechanical polishing i t  has been found that the resulting la ttic e  
damage can extend to several pm in depth ' Consequently, the
slices  Y/ere not mechanically abraded but instead were chemically 
polished and etched using a bromine-methanol solution which is  known 
to result in damage-free stoichiometric surfaces 3 The sawn
slices were degreased in warm organic solvents, mounted on quartz discs 
and polished by hand on a Hyprocel Pellon Pan - W abrasive pad which 
was continuously wetted with a 5% bromine-in-methanol solution. This 
treatment was continued until approximately 0.25 mm of surface
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material had been removed leaving the surface smooth, featureless and 
m iiror-like. These polished s lices were then transferred to a rotating 
be alee r  assembly and given a free etch in a bromine-methanol solution 
during which a further 0.01 mm was removed. The entire process etches 
a to ta l o f about 250 jam which is  more than sufficient to remove a ll the 
saw-damaged surface layer, which is  typ ically 1 - 1 0  Jim thick.
Finally the s lices were diced into 5 mm squares using a
diamond-impregnated wire saw, th is size being the most convenient fo r
subsequent implantation and Hall measurements. A fter being degreased
in warm trichloroethylene these square specimens were rinsed in
concentrated hydrochloric acid and methanol to remove any surface
oxide film  that may have formed, a treatment suggested by Adams &
(68)Pruniaux ' ' ;  they were then ready fo r ion. implantation.
5.2 Ion Implanta tion
3 .2o 1 The 600 keV machine
A ll  implants were carried out on the Department’ s 600 keV 
(69)heavy ion accelerator This consisted o f a 600 kV d.c. generator
connected to a high voltage terminal which contained the ion source.
The power fo r the ion source was provided by an alternator housed 
within the terminal and run, v ia  an insulated shaft, by an external 
synchronous motor at earth potential.
The ion source was of the Nielson type which u tilised  electrons 
oscilla tin g  in a magnetic and e lec tr ic  f ie ld  system to ionise atoms of 
the required species which were fed to the ionisation chamber directly, 
i f  gaseous, or from an evaporation furnace, i f  solid. The ions 
produced were extracted ax ia lly  from the chamber and focused by an 
Einzel lens system after which they entered a const ant f ie ld  
accelerator tube where the terminal-to-earbh voltage was reduced in 
equal steps by a 10-stage resistor chain.
The ions were analysed using a double focusing magnet with
•5a f ie ld  s tab ility  o f better than 1 part in 10 whichThad exit ports 
at 45° and 90°. The 90° deflection port, was used fo r  a l l  our Implants 
and was capable o f bending ions up to a maximum mass-energy product of 
45 a.m.u.-MeV. Two oscilla ting wire detectors, one before and one
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after the magnet, monitored the beam cross-section cn an oscilloscope. 
Also, to ensure uniform irradiation over the specimen, two sets of 
electrostatic deflection plates were used to scan the beam in tv/o 
dimensions.
The stainless steel target chamber had several access ports 
“7and could be pumped to 10 torr using an o i l  diffusion pump and a 
liquid nitrogen cold "finger". The specimen holder could contain a 
maximum of 10 specimens and was capable o f being heated to about 2pO°C.
3*2.2 Implants
Before implantation a ll  the GaAs samples were rinsed in 
methanol and then dried using a fine paint brush so that no drying 
stains formed. They were then mounted in a stainless steel specimen 
holder assembly described in some deta il below.
The specimen holder assembly consisted of a sliding carriage 
(controlled from outside the target chamber by a screw-rod fit te d  v/ith 
a d ig ita l revolution counter) which held a backing plate onto which 
were screwed, side by side, 6 specimen holder modules. One o f these 
modules was a "blank" which was used in the in it ia l setting-up 
procedure fo r the ion-bearn. Each of the remaining 5 modules was 
divided into two compartments, one above the other, so that two 
specimens could be implanted simultaneously with the same dose. Each 
specimen was held in place by a spring c lip  which was found to provide 
re liab le e lec tr ica l and mechanical contact between specimen and holder. 
The holders, and. therefore the specimens, were connected to earth v ia  
a current integrator which monitored the beam current and to ta l charge 
collected ( i . e .  dose). To minimise the possib ility  of channelling 
e ffects , the holders were machined in such a way that the specimens 
were presented to the beam at about 8° o f f  the <(110 >^ or <£1Q0]> 
directions. Interposed between the beam and the specimens were a 
secondary electron suppressor maintained at -300 volts, a beam defining 
aperture, a shutter operable from outside the target chamber and a pair 
o f wires which were used to monitor the beam scanning on an oseilloscope. 
The specimens could be implanted at elevated temperatures up to about 
2pO°C using a resistive heater co il mounted behind the carriage. The 
implant temperature was monitored using a thermocouple in intimate
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contact with one o f the holders and connected to an external thermocouple 
meter. Although this heating fa c i l i t y  was very simple in that no 
thermostatic control was provided, with experience a reasonably precise 
control could be exercised over the specimen temperature by small 
manual adjustments to the heater current; typically, a maximum 
variation of * 10°C ( * 5$ ) could be achieved fo r  a nominal 200°G 
implant temperature.
A fter loading the specimens into the holders, the whole assembly
was fit te d  into the target chamber which was then evacuated to about 
-710 torr. The required current was passed through the heater c o il 
to raise the temperature o f the specimens to 200°G and the whole 
system le f t  fo r about an hour to reach an equilibrium.
Next, the ion beam was set up and adjusted using the blank
as a dummy specimen. With the voltage corresponding to the required
ion energy (usually 300 lceV) on the high voltage terminal, a scan o f
beam current against analysing magnet current was obtained using an
X - X chart p lotter. From this mass spectrum the various ions
present in the beam could be identified  using standard published isotope
118abundance data. For a l l  the t in  implants the re la tive ly  abundant Sn 
isotope was chosen because i t  could be identified  unambiguously and 
not confused with isotopes o f other elements. This isotope was 
located precisely using a further very slow scan and i t  was found 
that, once located, the s tab ilit ies  o f the accelerating voltage and 
the magnet current were good enough to ensure its  continuous selection. 
Apart from the ion species to be implanted the beam also contained a 
neutral component, presumably as a result of charge exchange with 
residual gas molecules, but this has been found to be neglig ib ly 
small ( O #  )
Most of the t in  implants were carried out at 300 keV with 
13 15 -2ion doses in  the range 10 -1 0  cm and, to complete each implant
in a conveniently short tame (less than 10 min.), scanned beam
-2current densities o f 0.05 -  0.5 cm were used. -The dose was
monitored continuously using a counter in conjunction with a current 
integrator and on reaching the required dose the beam was cut o ff  by 
closing a gabe-valve in the accelerator tube; more recently this was 
performed automatically using a presettable comparator to actuate 
the valve d irectly.
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3<>3 Deposition and Removal o f Encapsulants
3o3o1 Silicon Dioxide (Si0o)^  wnas»BU«t.v»***«ity»ms?»CaaMa»afflt»KgSW3titajgg;»3y»Mgccgnfltt W  r
Si0o films were grown by the pyrolybic oxidation o f siiane
(71 )(SiH^) using the method suggested by Goldsmith and Kern 7 0 The
specimens to be coated vrere heated to 350° 0 using a hot plate enclosed
in a b e ll ja r and siiane, diluted with nitrogen, together with oxygen
were admitted v ia  separate in lets* The film s grown were generally 
o
3000 -  5000 A thick as judged by their interference colours. I t  was 
observed that the film s grew preferentia lly faster on some parts o f the 
specimens probably as a result o f loca l temperature differences and 
consequently films o f uniform thickness were d iff ic u lt  to obtain; in 
some cases, especially with the thicker film s, surface cracking and 
other forms of gross layer damage occurred. A fter Sa0o growth a ll  
specimens were very carefu lly inspected and only those free from 
obvious surface flaws were retained fo r  further work©
After annealing, the encapsulant was removed using a 2 -  3 min. 
soak in a 1 s i  solution of Analar grade concentrated hydrofluoric acid 
(HF) in distilled water followed by a repeated thorough rinsing in 
distilled v/ater and a final, wash in acetone*
3*3*2 Silicon Nitride ( SI, N^)
Of the Si^ N^ encapsulated specimens the majority were coated 
using a sputtering process but very recently a few were encapsulated with 
film s grown by chemical vapour deposition (CW) which is  claimed to 
result in  layers having better adhesive properties and greater 
reproducibilityo All. n itride coatings, both sputtered and CVD, were 
deposited by Muliard Research Laboratories.
To produce sputtered n itrides a pure Si^ target was
sputtered in a nitrogen atmosphere with the GaAs substrates to be coated
being maintained at about 350°C. The chemically grown film s were
obtained by the pyrolybic decomposition o f siiane (SiK, ) and ammonia
o(NHj). The specimens were raised to the reaction temperature o f 750 C 
in  as short a time as possible (about 75 sec.) to minimise the possib ility  
o f dissociation and then maintained at this temperature fo r  30 mam. as 
the Si^ deposition proceeded. Because o f the high deposition 
temperature and long processing time involved no further anneal was
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found to be necessary fo r  implanted specimens,, Using either method of
o
deposition very uniform green films, 2000 «  2500 A thick, were obtained.
In it ia lly  the Si^ encapsulation was removed using cold 
dilute HF but i t  was found that in  some cases a very thin layer of 
n itride was s t i l l  le f t  on the surface even after a 30 win. soak. This 
residual layer made subsequent d iffe ren tia l Hall measurements impossible 
because i t  formed an impenetrable barrier preventing the sulphuric acid - 
hydrogen peroxide -  water etchant from reaching the GaAs beneath. Next, 
boiling concentrated orthophosphoric acid (Hv H), ) was tried  and this
M*
usually removed the n itride completely in  a few minutes leaving a clean
substrate surface. Sometimes, however, especially when longer immersion
times were involved, a brown stain (probably due to some phosphate
formed by a chemical reaction with GaAs) appeared over the entire
specimen surface and because o f this unreliab ility the use o f EL P0.
j  4
was abandoned. A fter further experimentation with hydrofluoric acid 
using Various concentrations, temperatures and immersion times i t  was 
discovered that a 5 -  10 min© so ale in warm (40 -  80°G) concentrated HF 
was ideal as i t  not only completely dissolved the n itride but also 
le f t  behind a very clean stain-free surface in a l l  cases. This 
treatment was followed by a repeated rinse in d is tilled  water to 
eliminate a l l  traces o f HF and a f in a l wash in acetone to remove any 
organic contamination.
3*3*3 Native Gallium Oxide 0^)
Two d ifferen t oxidation methods, aqueous and thermal, were 
used to  grow native gallium oxide layers on GaAs:
In th is method GaAs specimens were immersed in a boiling 
(about 100°0) 30% hydrogen peroxide (HgOg) solution fox* several, hours.
The HgOg solution was boiled in a simple reflux system consisting o f a 
t a l l  beaker covered with a petri dish to prevent the evaporation of 
water and so maintain the peroxide concentration.
A 2 ox* 4 hour immersion usually produced dark blue film s 
( a / 1000 A thick ) which were quite uniform in thickness except near 
the edges o f the specimens. The reproducibility o f these film s was 
found to be quite poor: in a typ ical oxidation run with several GaAs
-  35 -
specimens treated under exactly similar conditions about Go% had good 
uniform oxide layers, $($> had patchy films and abnormally thin, 
discontinuous layers were observed on the rest.
These films are believed to consist of a mixture of polymorphs 
of Ga2 0y  the 8 form predominating, with traces of arsenic oxides 
( As2 0  ^ and As2 0^  ) and gallium arsenate (GaAs 0^) also present 
Water is also likely to be a constituent since the films were grown 
in an aqueous environment and this is confirmed by the fact that drying 
films after growth for several hours at room temperature results in a 
reduction in film-thiekness, observed as a change in interference 
colours, presumably due to the loss of water from the films through 
evaporation. To stabilise films after growth they were heat treated 
for 15 min. at 700°C in a stream of nitrogen. This treatment thinned 
and densified the films leaving a polycrystalline layer of ^ -  Ga0 0^  
which was often found to be non-uniform in thickness and in some 
extreme cases to be discontinuous with patches of bare GaAs exposed.
In itia l exploratory work on aqueous oxides wa3 sufficient to 
indicate that it  was not an attractive technique on account of the 
numerous problems encountered such as non-uniformity of f  ilm-thickness, 
poor reproducibility, the necessity to stabilise films by annealing 
after growth and the long processing times involved. This method was 
rejected in favour of thermal oxide growth which has proved to be very 
successful.
( i i )  Thermal Oxides
Thermal oxides were grown by heat treating GaAs specimens fo r
30 mins. at 500°C in a stream o f oxygen using a flow rate o f 2.4 lit/min*
This generally produced straw or blue coloured oxides which were
continuous and fa irly  uniform in thickness and furthermore were
reproducible from specimen to specimen. In addition to these
advantages of thermal over aqueous oxides, the former method also allows
much greater flexib ility  and control as the film thickness can be varied
over wide limits simply by altering the oxygen flow fate and anneal
temperature* At the temperature used (500°c) ‘any arsenic or arsenic
oxides present in the film evaporate leaving a poly crystalline layer 
(72)of ^ -  Ga9 0  ^ , the stable high temperature polymorph.
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These oxides were readily dissolved using a. 2 min. inversion 
in  warn concentrated I1F leaving clean substrate surfaces©
3<>3«4 Aluminium (A l)
o
Aluminium encapsulation layers, 3000 -  15000 A thick, were 
deposited by evaporating A l wire from a tungsten filament in  a vacuum 
of 1 -  4 x 10“ 6 torr© Although the actual thickness is  not crucial
,  j  o .
to the encapsulation effic iency o f the layer, very thin film s ( <  1000 A ) 
were avoided both because o f the possib ility  o f these films being 
discontinuous and also because the formation of aluminium oxide, 
which was always found to occur during subsequent heat treatment in 
nitrogen, may consume the entire Al layer leaving the GaAs surface 
unprotected©
After annealing, the Al layer was dissolved by a 2 min© soak 
in  warm concentrated HF followed by a thorough rinse in d is t illed  water 
and a fin a l acetone wash® In the case o f Gag 0  ^ + A l encapsulation 
both layers were removed successfully using the same treatment® For 
anneals at 700°0 and below the removal o f both encapsulants (A l and 
Gag 0  ^ 4- A l) yielded very clean GaAs surfaces but above 700°G some 
surface staining was evident fo r  A l, probably due to the formation of 
Ga^x AI^ As, whereas fo r  Gag 0  ^ *t* A l no such staining was observed©
As chromium was proposed only as an interlayer between GaAs
and S i, N. and not as an encapsulant on it s  own, a re la tive ly  thin layer )  %
about 200 A thick was deposited on GaAs substrates©
In it ia l attempts using chromium chips evaporated o f f  a heated 
tungsten basket fa iled  because the resulting film  was found to be 
perforated with numerous pinholes and also to show large variations 
in thickness® Successful results, however, were obtained fo r films 
deposited using electron beam evaporation© In th is method electrons 
emitted from a heated molybdenum filament were accelerated through a 
potential difference o f 5 kV and focused onto a Gr bead placed on a 
water-cooled hearth® The specimens to be' coated were mounted 15 cm 
above the bead and the thickness o f the deposited film  was measured 
continuously using a crystal monitor placed alongside the specimens© The
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200 A films, which took about 10 sec. to deposit, wore found to be very 
uniform and almost completely free o f pinholes.
A fter heat treating GaAs .5- Gr * Si^ specimens, the nitride
layer was removed in  warm concentrated HF but since th is has only a very
slew etching effect on the underlying chromium, boiling concentrated 
hydrochloric acid was then used te dissolve the Or layer rapidly* With 
th is treatment i t  was observed that in a ll cases the specimens were 
covered with a brown stain probably due to the formation o f a compound 
such as chromium arsenide.
3.4 Annealing
3.4.1 Nitrogen Anneals
The annealing equipment consisted basically o f a 2o5 cm 
diameter, 60 cm long quarts tube placed in  a thermostatically controlled 
resistively*=*heated furnace which allowed anneals up to 1200°G to be 
carried out. The tube had stainless steel fit t in g s  at each end which 
served as entry and exit ports fo r  nitrogen gas; the in le t end also 
carried a stainless steel push~rod.
Every tube used was pre-baked fo r  several, hours at 1000°C 
to expel water vapour from the quarts and then cleaned in  trichloroethylene 
followed by a rinse in  d is t il le d  water. The specimen holders, snail 
quarts tubes ( 0.7 cm diameter, 4 cm long) open at both ends, were also 
given a similar treatment prior to use.
Before th is system was used a complete calibration was carried 
out with a constant nitrogen flow rate o f 2.4 lit/min, which was the 
standard value employed throughout th is work. Using a moveable 
thermocouple to monitor the temperature inside the anneal tube, a 
p ro file  o f temperature versus distance along the tube was obtained fo r  
each o f several temperatures set on the furnace controller. These 
p ro files  revealed the existence o f a f la t  "hot zone” , 2 •=> 3 cm wide, 
with a rapid temperature fa l l - o f f  on either side; the position o f this 
hot zone depended to some extent on the control temperature setting. Moreover', 
the actual temperature within the hot zone was less than the control 
temperature.
A typ ical anneal was carried out as follows: the furnace
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control temperature was set to give the required hot zone temperature 
vising the correction factor obtained from the calibration p ro files .
The flow rate o f oxygen-free nitrogen was set at the standard 2.4 lit/min 
at a pressure s ligh tly  above atmospheric and the system le f t  fo r an hour 
to reach equilibrium. The specimen holder was then pushed into the hot 
zone, whose position v/as located using the calibration profiles. On 
completing the anneal, the specimens were pushed out into the exit end 
o f the tube and le f t  to cool fo r about 30 rain, with the gas flow s t i l l  
maintained to prevent excessive oxidation. Generally some oxidation 
did occur, most easily seen on aluminium encapsulated specimens as a 
gold coloured oxide, probably as a result o f air sucked in  through the 
push-rod hole by the nitrogen flow. This procedure was also used fo r 
the thermal oxidation o f specimens bjr replacing the nitrogen with osygen 
and using the same flow rate.
This system was quite adequate fo r  most o f the earlie r annealing 
work which was carried out at 700 800°G fo r  15 mins. However, in la ter
investigations into the annealing kinetics o f GaAs the very short 
(2 -  5 min) and very long (60 -  120 min) treatment times used created 
difficu lties®  For short anneal times large errors were introduced as 
the specimens generally took about 2 mins. to reach the hot zone 
temperature end in the case o f long anneal times some error occurred 
because the hot zone temperature was found to drop steadily at the rate 
o f 10 -  20°G per hour. In order to monitor the specimen' temperature 
continuously and so be able to apply the appropriate corrections fo r 
very short and very long anneals the system was modified. A quartz 
push-rod was used with a rectangular quartz boat ( 2.5 x 1.5 cm) 
attached to one end and two thermocouples at opposite ends o f the boat 
were used to obtain the temperature range of the specimens placed 
between these sensors.
3*4*2 Vacuum Anneals
A ll vacuum anneals were carried out at Harwell in  the following
manner: a s ilic a  boat containing the specimens to bekunnealed was placed
-7in  a quartz tube which was then evacuated to about 1 x 10 1 torr using, 
in  succession, a sorption pump and an ion pump. The furnace, which was 
mounted on ra ils , was f ir s t  brought to the desired temperature and then 
moved forward so that i t  enclosed the anneal tube. A fter the required
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anneal time it  was rolled back and the specimens allowed to cool© The 
quartz tube was continuously pumped both during and after the anneal 
and although the pressure increased during the in itia l part of the 
anneal it  never exceeded. 1 x 10”  ^ torr©
3©5 Hall Measurements
3*5* 1 Hall Theory
■When a magnetic fie ld  is  applied at right angles to a current 
flowing in a semiconductor, an electric field is set up perpendicular to 
the directions of both the magnetic fie ld  and the current© This is the 
Hall effect and is very widely used to obtain depth profiles of carrier 
concentration and mobility in implanted material.
(73)Van der Pauw v has shown that, provided a semiconductor 
specimen is  homogeneous in thickness, contains no ho3.es and has 
sufficiently small contacts arranged around the perimeter, both the 
resistivity and Hall coefficient can be obtained for any arbitrary 
shape without knowing the actual current distribution within the 
specimen. I f  we consider a semiconductor sample which fu lf i ls  the 
above conditions and has four contacts A, B, 0 and D, then the 
resistivity is given by
^  = 71 d * RAB»GP + ^BG*DA © f  ,
In 2
where: d & specimen thickness,
the resistance ^  is defined as the potential 
difference between contacts C and D per unit current 
through contacts A and B
i.e . R ^ c ^  »
I AB
ana similarly =
B^O
and f  is a function of the ratio AB,CD
^BC,DA
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only and sa tis fies  the relation
RAB,CD ~ ^BC.DA^ „  -  f  ® arc cosh
AB,GD + "BO,DA
exp ( In 2 )
f
In the ideal situation, fo r  perfect specimen symmetry, ^  a R ^  ^  
and f  -  1. Generally, we measure the sheet res is tiv ity ,
p = ^  s TT c RAB„GD *  ^BOoDA o f ,  instead o f the\ Cl ®d4» ca rr-.t  tt r.—yrj> «LS»rr.Trixiit atfc i ,r i v .v:: rartas ntsarig rrj x^a a-y.... Tit  *
vs d In 2 2
bulk re s is t iv ity  P .
The Hall coeffic ien t can be obtained by measuring the change 
in  resistance A  Rg-p caused by applying a magnetic field. B i^ormal 
to the specimen surface and is  given by R  ^ s d. A
T
Here again we usually measmre the sheet Hall, coeffic ient
SfU = %  -
Having obtained and R^q , the Hall mobility jx^ can
then be calculated using
s
This Hall mobility must be distinguished from the conductivity mobility 
n = 1 ( whore n is  the carrier concentration and q the
n 9 e
electronic charge); these two m obilities are related by the Hall
scattering factor r  = and the above equation fo r  yu^  can be
P
recast as n s _ _ _ _ _ _  or, in  terms o f the sheet carrier concentration,
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n a « The scattering factor r, which is  approximately unity,
i s ' a function of the magnitude of the applied magnetic field, the 
temperature, degeneracy and the various scattering mechanisms operating. 
Several authors e*S*(A-)» (/->)? (76) calculated values of r  for
various scattering modes in GaAs but since it  is difficult to decide 
which precise value of r  to choose for our work we have made the 
simplifying assumption that r  = 1 as this results in, at most, 
a tolerable -  15% error in the evaluation of n using our 
experimental conditions (room temperature Hall measurements with an 
applied magnetic fie ld  of 5 kG) *
The most convenient method of determining the carrier and 
mobility distributions in im p la n te d  material is to measure the sheet 
Hall coefficient ( ) and sheet resistivity ( )> remove a thin
layer of the implanted specimen, and then remeasure and ^  , 
continuing this procedure until most of the implanted layer has been 
removed. Then, i f  ( )^ and ( <0  ^ )^ are the measured values
after the removal of the i  th layer of thickness , the carrier 
concentration n  ^ and mobility in the i  th layer can be obtained (7®)> (79)
X*
 ^ ^Hs ^i «=>  ^ i~t-1 = q n. u.^ d.
  n 1 i  / i  i
and
giving
1 -  1 = a n. u. d.
r ^ T T  T  F 7 T A  1 / 1  1
A
A (  1  \I « 73= C U B S «  1
\ ? « / i
and
q A. J-1±
3.5c 2 Specimen Preparation fo r  Hall Measurements
Hall e ffec t measurements require each specimen to be contacted 
by alloying in t in  dots around the periphery and then to be mounted on a 
glass s l1.de with e lec tr ica l connections made to these contacts to enable 
current and voltage measurements to be performed0
Van der Paw  has shown that the error introduced by the 
f in ite  dimensions o f the contacts may be reduced substantially i f  the 
specimens are cut into clover lea f shapes and this method has been 
adopted throughout this work. Each specimen was mounted on a glass 
slide, a stainless steel clover lea f mask affixed to the top surface 
with white wax and the p>attem reproduced using a high speed je t  o f 
nitrogen gas carrying alumina particles as the abrasive agent. The 
clover lea f specimen was then removed from the slide and thoroughly 
cleaned in  warm trichloroethylene to remove a ll traces o f wax a fter 
which i t  was successively rinsed in concentrated hydrochloric acid 
(to  remove any oxide film ) and methanol©
The next step in the preparation was to provide the sample 
with ohmic contacts. A l l  the implanted specimens were n«type and so 
alloyed tin  dots were used as they are known ($2) to form
excellent ohmic contacts with n-GaAs0 The sample to be contacted 
was placed on a quarts hot plate and a snail t in  ’'dot", cub from 
very pure degreased t in  wire, was placed at the periphery o f each o f 
the four arms o f the clover leaf© The hot plate was enclosed in  a 
glass vessel and the whole system purged with a nitrogen ( 90%) + 
hydrogen ( 10%) gas mixture fo r  several minutes© Next, th is gas was 
bubbled through a bottle containing concentrated hydrochloric acid 
and the resulting vapour passed over the specimen, which was then 
heated to about 250°C© The tin  dots melted to form small, spheres 
which alloyed onto the GaAs surface, a process aided by the HC1 
Vapour v.hich cleaned the spheres and promoted the "wetting" o f the 
surface© About 10 sec. la te r  the HOI source was cut o f f  and the 
specimen allowed to cool to room temperature in a continuous Ng + 
gas flow  to prevent surface oxidation.
The contacted sample was mounted at one end o f a rectangular 
( 7*5 x 2.5 cm ) glass slide with Apiezon W black wax; the other end 
was stuck to a small insulating board containing four printed c ircu it
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contact-pads which could he plugged into a socket on the Hall rig®
Each of the four tin contacts was connected electrically to a 
cohtact-pad using tracks of silver dag (a  suspension of colloidal 
silver in on organic solvent) painted on the glass slide. The silver 
dag was allowed to dry and was then painted over with a solution of 
black wax in toluene to protect it  from the etchant used later to 
strip off layers of the GaAs surface* Small, areas around the tin 
spheres were also treated similarly so that they could be used for 
step-height measurements to enable the etch rate of the implanted 
layer to be calculated* Before actually carrying out any Hall 
measurements a ll the contacts were checked on an I  »  Y curve tracer 
to determine whether or not they were ohmic* In  only a few 
instances did the I  *=> V characteristics depart grossly from linearity 
and in the majority of these cases simply removing the contact in 
concentrated hydrochloric acid and realloying another tin dot was 
found to give successful results*
3o5o3 The Ha ll Rig and Profile Measurements
The Hall magnetic fie ld  was provided between the 10  cm 
diameter pole pieces of an electromagnet with its current coils fed 
by a highly stabilised power supply* The magnet current and hence 
the magnetic fie ld  was monitored by measuring, on a DYM, the voltage 
drop across a standard water-cooled resistor connected in series 
with the current coils* A fie ld  of «  5 WJ was used throughout when 
measuring the Hall voltage and by previous calibration this was 
found to correspond to a DM reading of * 141 oOO mVe The reproducibility, 
as determined by the spread of values of Hall voltage obtained for a 
given specimen when the i  5 kG fie ld  was set up several times, was 
found to be extremely good (<1$  ) .
As mentioned earlier, to obtain the sheet resistivity of a 
specimen using the van der Pauw equation requires the measurement of 
voltage and current in two different configurations with a third 
necessary to determine the sheet Hall coefficient* Generally, the 
procedure adopted was to keep the current through the specimen 
constant during the measurements and only monitor the voltage 
developed between the required pair of contacts® In earlier work 
this constant current was supplied by a very simple arrangement of a
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set o f high voltage batteries ( 90 -  54Q vo lts  ) in  series with a 
variable resistance ( 1 -  50 M ohms )© The magnitude o f the current, 
usually adjusted to be in the range 10 -  100 yUA to minimise self-heating 
e ffec ts , was measured by monitoring the voltage developed across a 
standard 1 k ohms 0«1% tolerance series resistor. Recently this 
system was replaced by a commercially available constant current source 
( ICeithley Instruments Model 225 ) which enabled the desired current 
to be d ig ita lly  selected and maintained to within * 0.5% over long 
periods regardless o f load variations. Consequently, once the current 
was set no further adjustments were necessary, a very useful advantage 
over i t s  predecessor.
The voltages between the various contacts were measured to 
an accuracy o f -  0o01% using a DVM with a very high input impedance 
( ^> 10^ ohms ) o These measured voltages were very small, typ ica lly  
o f the order o f 1 -  100 mV, and hence were very prone to errors due to 
spurious pick-up; th is undesirable e ffec t was reduced by the use o f 
screened coaxial cables fo r a ll  interconnections and by carefully 
avoiding a ll earth loops.
For greater accuracy, instead o f just the basic set o f three 
measurements to determine sheet values o f re s is t iv ity  and Hall 
coeffic ien t, readings were also taken with the constant current 
reversed to compensate fo r  slight3y non-linear oontacts and also 
m th the direction o f the magnetic f ie ld  reversed to reduce the e ffec t 
o f misalignment o f the specimen contacts m th the f ie ld .  This required 
a to ta l set o f 12 measurements and a manually operated smtching relay 
box was used to run through the sequence, automatically connecting the 
current source and the voltage measuring Dl/M to the correct pair o f 
contacts and turning the magnetic f ie ld  on and o f f  according to the 
following scheme:
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Sequence Constant
Current
Measured
Voltage
Magnetic
Field
1 + CD 0
2 * - S b c vAD 0
3
+  *30 VAC 0
4 u it 4* B
5 II 19 0
6 it It «  B
7 ' ~ XAB VBC 0
8 VDA 0
9 ~ I HD VCA 0
10 it it B
11 19 n 0
12 ft it -  B
These readings were then fed into a computer which calculated Values 
fo r  the sheet Hall coeffic ien t ( R^s ) ,  the slieet re s is t iv ity  ( ) ,
the sheet carrier concentration ( nQ ) mid the sheet H all mobility ( yug )
using the equations stated earlier®
In the absence o f a w ell established electrochemical method
fo r  layer removal in GaAs a simple chemical etelling process has been
used which has proved to be very successful® The etchant employed
was a solution o f concentrated sulphuric acid + hydrogen peroxide * water
in the volume ratio 1 : 1 : 125 which was found to give an etch rate o f
200 «  400 A/min with fa ir ly  uniform layer removal over the entire
specimen surface and no observable tendency to cause ..-.surf ace degradation
/ 0  \even with large thicknesses (^> 5000 A ) o f material removed® Furthermore,
th is etchant was very stable and could be kept fo r  several days without 
deterioration, in marked contrast with, fo r  instance, a bromine-methanol 
solution which tends to lose bromine and change colour in a few hours©
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The Hg SO^  + Hg 0  ^ 'h R2 8 s°lution was agitated continuously
with a magnetic s tirre r to ensure homogeneity and allowed to reach thermal
equilibrium at ambient temperature. The specimen to be stripped was then
o
immersed fo r  1 m.in* which etched o f f  200 -  400 A o f surface material.
A fter being thoroughly rinsed in  water to remove a l l  t.racea o f the
etchant the specimen was placed between the Hall magnet pole-pieces in
a beaker o f d is tilled  water and the 12 voltage measurements made as
described above© Immersion in water served both to prevent the formation
o f surface drying-stains and also to maintain the specimen at a constant
temperature to reduce the undesirable influence o f thermo-magnetic
phenomena such as the Ettingshausen, Nemst and Righi-Leduc e ffects .
This stripping-and-measuring cycle was continued until the DVM voltage
readings became too unsteady to observe accurately which generally
.  o
occurred a fter 5 -  10 etch steps (i*e *  at depths o f 1000 -  4000 A) 0
A fter the fin a l strip  was completed and measured the specimen 
was removed from the glass slide, the black wax masks at the four 
contacts dissolved in warm trichloroethylene and the step heights 
measured using a Rank -  Taylor -  Hobson Toly step© Two separate stylus 
traces were taken at each contact, giving a to ta l o f 8 step height 
determinations, and the mean used to calculate the etch rate© The 
repeatability and accuracy achieved were found to be reasonably good 
with the deviation o f each measurement from the mean being less than 
10$ in  a l l  oases and constant comparisons with the calibration standard 
revealing the instrument error to be about 5$o Depth p ro files  o f 
volume carrier concentration (n) and mobility ( jx ) were then computed 
using as data the calculated etch rate and the values o f R ^  and 
obtained previously fo r  each etch step©
3.6 Rutherford Backscattering Analysis
3.6*1 Rutherford Baokscattering
Mien a flux of energetic ions strikes a target some o f these 
ions undergo large-angle e lastic  scattering (Rutherford backscattering) 
by virtue of the repulsive Coulomb potential of the t?ro collid ing nuclei. 
I f  the backscattered y ie ld  is  then plotted as a function o f energy, the 
shape o f the resulting spectrum can be used to obtain quantitative 
information on the atomic composition o f the target as a function o f 
depth (8if\
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In the case of a crystalline target the incident ion beam
can be aligned paralle l to a cry st alio  graphic axis so that channelling
occurso This results in a marked attenuation, typ ica lly  by one or two
orders o f magnitude, o f the backscattered particle y ie ld  as compared
with an unaligned beam® For a. channelled beam large-angle scatterings
are mainly due to interactions with first-row  atoms, with atoms not
situated on normal la ttic e  sites and, as a result o f the beam gradually
deehannelling as i t  penetrates the crystal, with la tt ic e  atoms. An
aligned Rutherford backscattering spectrum can therefore y ie ld
information on the location and density o f crystalline damage, the
percentage o f in te rs t it ia l impurity atoms and on surface stoichiometry 
( 85) ,  ( 86)
The Rutherford backscattering technique then is  a powerful
and versatile diagnostic too l in the analysis o f materials and has
proved especially useful in the f ie ld  o f semiconductors where
applications ha.ve dealt with the atomic location o f implanted ions,
the extent and density of radiation-induced crystalline disorder,
la tt ic e  location, the identification  o f surface contaminants, monitoring
changes in stoichiometry, obtaining diffusion p ro files  and examining
the e ffects o f annealing® Some disadvantages o f the technique include
o
it s  re la tive ly  lim ited depth resolution (typ ica lly  200 -  300 A) and its  
in ab ility  to detect small concentrations o f either dopant atoms or 
la tt ic e  disorder in implanted material.
A typical. Rutherford bade scattering fa c i l i t y  consists basically 
o f a particle accelerator to provide a monoenergetic (typ ica lly  1 - 3  MeV) 
and collimated beam o f ligh t ions (usually He*)© The beam impinges on 
the target located in a high-vacuum chamber and the energies o f the 
backscattered particles are analysed by a detector which produces 
signals whose amplitudes are proportional to the energy o f each 
backscattered particle within its  f ie ld  o f view. The detector output 
is  fed to an amplifier and a pulse height analyser which amplifies and 
processes the energy data, which can then be displayed 8.3 a spectrum on 
a screen, plotted on an X -  X chart -re c o rde r  or punched out on paper-tape 
fo r  further handling by a computer©
3o6®2 The Rutherford Baokscattering System and Measurements
Some in it ia l backscattering work was carried out using the
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Harwell 5 MeV Van de Graaff machine but Surrey’ s 2 MeV fa c i l i t y  was 
employed fo r the majority o f the experiments and th is la tte r  system w ill  
be' described in some deta il below.
The accelerator used in the Department’ s back sc att ering system 
was a standard corona stabilised 2 MeV Van de Graaff machine fit te d  with 
an r . f .  source to produce the required helium ions. The beam was 
deflected through 17i° by a 1G2 Tesla electromagnet o f raass-energy 
product 24 a.m.u. -  MeV. The magnet current was stabilised to 1 part 
in 1(A and it s  magnitude used as an energy reference. The energy v/as 
controlled using a pair o f water-cooled s lits  located at the ex it side 
o f the magnet to provide corrective feedback signals fo r  the high 
voltage source. The current and cross-sectional area o f the be mix 
emerging from the accelerator were reduced using a series o f 
collimating apertures, some moveable, placed along the beam line 
so that when the beam fin a lly  impinged on the specimen i t  was about 1 mm 
in diameter, had an angular divergence o f 0*03° and could be adjusted 
in the current range 1 - 1 0  nA. The entire beam line and target chamber 
were maintained at a pressure o f about 1 x 10” to rr by a series o f o i l  
d iffusion pumps and, in addition, a liqu id nitrogen cold finger was 
located near the target chamber to remove contamination from cracked 
hydrocarbons.
The specimen to be analysed was mounted on a 3“ &£is goniometer 
assembly so that the beam impinged on the surface o f the specimen at a 
point coincident with the intercept o f the three orthogonal axes o f 
rotation of the goniometer. This target holder system was driven 
remotely using three independent stepping motors, each with an 
incremental angular advance o f 0.01° , to permit accurate alignment o f 
any crystal, axis with the analysing beam fo r  cb.annel3.ing experiments.
The movement o f the specimen was reproduced using a slave stepper 
motor system and monitored on both external clock-dials and 
electromechanical counters. The actual sample holder consisted o f a 
threaded jETFE cylinder vidch screwed into the goniometer and carried an 
aluminium backing plate onto which the sample was held by means o f a 
spring c lip . The backing plate, and consequently the specimen, was 
connected to earth v ia  mi integrating ammeter which served to monitor 
both the beam current and, in conjunction with an electronic counte.r,
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the to ta l charge received. Secondary electron suppression was achieved 
using an insulated annular aluminium disc placed about 5 mm from the 
surface o f the specimen and maintained at a potential o f -300 vo lts .
The backscattered particles were energy analysed by a silicon  
surface barrier detector having a resolution o f about 15 keV FWEM 
which was mounted at an angle o f 30° with the incident beam© The output 
pulses from the detector were amplified using a low noise F.ET preamplifier 
followed by a main amplifier© These amplified pulses were then fed into 
two systems, one fo r  channelling detection and the other fo r  normal 
energy spectrum acquisition® The channelling detector consisted of a 
single channel analyser, a ratemeter and a variable gain amplifier 
whose output was monitored on a chart recorder® To obtain a channelling 
direction the specimen was carefully orientated using the three goniometer 
controls until the chart recorder indicated a "dip" corresponding to an 
attenuation in  the backscattered y ie ld  caused by beam channelling® Once 
the required axial channel had been located accurately the amplified 
detector pulses were fed into an 800 channel analyser which recorded 
the backscattered energy spectrum on a CRT screen and was latex- 
reproduced by an X -  Y chax-t recorder using the multichannel analyser5 s 
analog output®
In  this present work the Rutherford backsc att ering technique 
has been applied mainly to investigate the performance o f various 
encapsulants as a function o f anneal temperature since i t  provided a 
very convenient, rapid and, in general, unambiguous indication of the 
magnitude o f the outdiffusion o f gallium/arsenic from the substrate 
into the encapsulant or indiffusion o f impurity atoms from the 
encapsulating layer®
In the actual backscattering experiments a l l  conditions were 
kept the same so that va lid  comparisons could be made between spectra 
obtained before and after annealing each sample and also between spectra 
fo r  d ifferent samples© For each specimen spectra were obtained fo r  
both the random and aligned directions although in some cases, especially 
when thick encapsulating layers were involved,. only a random spectrum 
was taken as channelling was not possible. The helium ion energy used 
throughout was 1c5 MeV and the beam current was limited to 2.5 rA fo r 
l-an&om spectra and to 5 nA fo r  aligned spectra to minimise the possib ility
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o f spectral, distortion due to pulse pile-up* In most cases back scattered 
spectra were obtained fo r  a to ta l charge collection  o f about 5 uC which 
generally took about 30 min0 Prior to backscattering from encapsulated 
specimens a spectrum was f i r s t  obtained fo r  a standardisation sample 
consisting o f a thin gold film  deposited on an aluminium substrate fo r  
energv-ealibration purposes*
There were several sources o f inaccuracy such as in stab ility  
o f the beam energy, errors due to the inherent s ta tis tica l nature o f the 
backscattering process (which could be reduced by using a longer 
acquisition time fo r  each energy spectrum) and errors due to pulse pile-up 
(minimised, as mentioned earlier, by using low beam currents)© These 
errors, however, were considered to be small, enough to be neglected* 
Furthermore, in it ia l  experiments in  which several successive spectra 
were obtained from the same spot on a test specimen indicated that the 
reproducibility was quite good and certain ly more than adequate fo r  our 
purposes*
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A® EXPERBIENTAIj RESULTS
4«, 1 Intro&uct Aon
This chapte.r w il l  deal solely with the results obtained from the
various experiments carried out, with detailed discussions and 
interpretations le f t  to the next chapter®
The results are presented basically in the chronological order 
in which the experiments were performed, the f ir s t  part dealing with the 
search fo r  a better encapsulant experimenting successively with silicon 
dioxide, silicon  n itride, chromium * silicon  n itride, native gallium oxide, 
aluminium and gallium oxide * aluminium and the la tte r part being an 
investigation into the annealing kinetics o f implanted GaAs using two 
of the most successful encapsulants, Al and Ga2 0  ^ 4- Al©
4®2 Rutherford Backscattering investigation of SiCL and Si., N.
Although the low encapsulation effic iency o f SiO^ and the 
superiority o f Si^ are now well established, at the time the v/ork 
described below was carried out these findings were re la tive ly  new and 
SiOg was s t i l l  being used fo r  encapsulating GaAs both by workers at 
Surrey University and by several other groups as well©
The effectiveness o f SiOg and Si^ as encapsulants was 
assessed both by using an optical microscope to cheek fo r  surface
degradation (bubbling, cracks, non-adhesion, e tc .) and also by
Rutherf ord backscattering which provides a rapid and convenient means 
o f detecting any outdiffusion of Ga and As atoms as follows:
Fig* 4 d (a ) illu stra tes the typical shape o f ail unchannelled 
RBS spectrum fo r virg in  GaAs®
Fig© 4*1 (b) represents the spectrum obtained fo r  SiOg -  
encapsulated GaAs in which no outdiffusion o f Ga or As atoms has occurred© 
Here the GaAs edge has shifted to the le f t  as 8. result o f the energy loss
suffered by the helium beam in the double traversal o f the SiOg layer©
This energy sh ift is  equal to the widths- o f th'e silicon  and oxygen peaks 
in  the spectrum©
The spectrum in Fig* 4®l(e) is  fo r  a GaAs 4- SiO^ specimen
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(a)
Virgin GaAs
GaAs + SiC>2 
(outdiffused Ga/As 
S i0 2  su rfa c e )
EXPLANATORY BBS SPECTRA FOR GaAs + SiO 
( SEE TEXT )
f ig .  4 4
2
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in which Ga and/or As has diffused into the SiO^ film  as represented 
by the shaded area. A considerable amount o f qualitative information 
regarding the distribution o f Ga/As atoms within the encapsulant can be* 
extracted from the shape o f th is  shaded portions fo r  instance, the f la t  
shaded p ro file  o f Fig. 4 * l(o ) would represent a uniform distribution o f 
out diffused atoms throughout the encapsulant with the height indicating 
the re la tive  atomic concentration® Fig. 4o l(d ), on the other hand, 
would suggest that the diffusing impurities have collected at, or near, 
the outer surface o f the SiO^ film *
A similar line o f reasoning holds fo r  the case o f backscattered 
S ij "  encapsulated GaAs.
In the actual experimental work several 5 x 5 m  n-GaAs specimens
o o
were coated with Si02 (3000 -  5000 A) or sputtered Si^ (2000 A) and
each o f the samples subjected to one o f the following treatments:
annealing at 75Q°C fo r  15 min. in contact with a ir, under vacuum or
in a stream o f nitrogen gas. Rutherford, backscattering v/as then carried
out on each annealed specimen using a beam energy o f 1«5 MeV and a charge
collection  o f 1 p0. Only"random" (unchannelled) spectra ware taken as i t
was found impossib3.e to align the specimens in a cha.3mel3.ing direction
because o f the thickness of the encapsulants involved. As a result, the
individual Ga and As peaks could not be resolved and consequently changes
in  stoichiometry, which would help to iden tify  the out diffusing species,
could not be monitored®
Typical resu3.ts of the optical and backscattering analyses 
were as follows:
( i )  Si02 encapsulant
Much o f the SiOg layer was erased and blistered^ in some parts 
the encapsulant had become completely detached exposing the underlying 
GaAs. The reverse unencapsulated face o f the specimen was covered with 
a greyish deposit which v/as most probably p -.Gag 0  ^ 5 at th is  high 
temperature any arsenic oxides ( As2 0  ^ and As2 0  ^ ) formed would have 
evaporated.
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Fig® 4*2 shows the BBS energy spectrum obtained which indicates 
outdif fusion and distribution o f Ga and/or As (precise identification  o f 
the outdiffusant species is  impossible) throughout the SiO^ layer with a 
peak in  the spectrum denoting the collection  of Ga/As near the encapsulant 
surface©
( i i )  Si^ N^  encapsulant
Only small portions of the green Si^ N^ layer remained attached 
to the GaAs; the rest o f the surface was completely denuded of Si.. N, 
and covered with a greyish oxide ( |» -* Ga  ^ 0  ^ ) as was the unprotected 
reverse face©
BBS analysis ( Fig© 4©3 ) showed that Ga and/or As atoms were
distributed throughout the Si^ film  with the impurity concentration
greater near the GaAs -  S i7 interface and fa llin g  o f f  towards the
outer surface o f the encapsulant; no accumulation o f impurity atoms
occurred near the S i, N. surface®
3 4
(b ) Vacuum Anneal (750°G / 15 min0_)
( i )  Si0.2 encapsulant
No surface degradation was observed apart from a few unburst 
b lis ters  and the BBS spectrum ( Fig© 4© 2 ) showed no Ga/As outdiffusion 
into the SiO^ layer©
( i i )  Si^ N^  encapsulant
Bubbles had formed over parts o f the surface but had burst in 
only a few instances and, within the resolution o f the BBS technique, 
no Ga/As outdif fusion had occurred ( Fig© 4o3 )®
(c ) Nitrogen Anneal (750°C / 15 min.)
The entire SiO^ surface was covered with parallel cracks with 
a few unburst bubbles also observed.
A large surface peak was observed in  the backscattering 
spectrum ( Fig. 4*2 ) indicating the accumulation o f Ga/As at or near 
the encapsulant surface,, An interesting point was the absence o f 
impurity atoms, at least within the sensitiv ity  o f the system, in the 
rest o f the SiO^ film . There was some ambiguity here as to whether 
the surface Ga/As was due to outdif fusion through the encapsulant or by
t a  5  7  w
Ga/As evapox-ating from the unprotected reverse face with subsequent 
deposition on the SiO  ^ surface. To settle  this a specially prepared 
specimen with both faces coated with SiO^ was backscattered and this 
resulted in a similar spectrum hence pointing to out diffusing Ga/As 
as' the source of the surface accumulation.
( i i )  Si^ encapsulant
The optical and backscattering re suit s obtained were similar* 
to those fo r  vacuum annealing.
B rie fly , these results suggest the following:
( i )  At 750°0 SiO^ works e ff ic ie n t ly  as an encapsulant when 
annealed in vacuum but not in  nitrogen whereas Si^ performs equally 
w ell in either case.
( i i )  Si^ is  the superior encapsulant as i t  blocks the outdiffusion
of GaAs surface atoms much more e ffe c t iv e ly  then SiO^o However, the
problems o f bubbling and non-adhesion o f the Si-, N. film  vhich occur 
oeven at 750 G could impair it s  performance especially at higher anneal 
t  emperatures.
( i i i )  Both encapsulants suffer from almost complete loss o f adhesion 
and w il l  not protect the GaAs surface against gross degradation i f  the 
annealing takes place in contact with air© This particular result 
suggests that even in  less severe conditions, fo r instance where 
there are trace amounts of oxygen present in the annealing atmosphere, 
sim ilar though less extreme effects  may occur.
4©3 Chromium -  with -  S iy N, encapsulat ion
Our early work indicated that at anneal temperatures greater 
than about 700°G the Si^ encapsulant tended to b lis te r , probably due 
to the high vapour pressure o f arsenic, and that at higher temperatures 
these b lis ters  would burst exposing the GaAs beneath. Genex-ally, this 
e ffect was found to be more pronounced in the case o f sputtered Si^ 
film s than GVD films. I t  was clear then that although Si,. was far* 
superior to SiOg -in th is respect some means o f improving the adhesion 
o f the nitride layer was essential i f  th is encapsulant was to be employed 
in our future work on the electrical, properties o f t in  implanted layers; 
her*e, even a partia l degradation o f the encapsulant would affect the 
e lec tr ica l characteristics o f the substrate and consequently make the 
e lec tr ica l e ffects of the implant d if f ic u lt  to intei^pret©
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To improve the adhesion o f the Si^ N^ layer i t  was decided to 
experiment with the use o f a thin evaporated metal interlayer between 
encapsulant and substrate to act as an "adhesive"* Chromium was chosen 
fo r  th is metal els i t  is  widely used in industrial applications to improve 
the adhesion o f some noble metals, such as gold and platinum, to glass; 
furthermore, Gr can be readily deposited by an easy and repeatable process 
and also has a suitably high melting point (1860°C) which is  certainly 
fa r  higher than we would ever wish to anneal GaAs*
There is , however, one possible drawback % although the 
intermediate Cr layer may prevent the mechanical fa ilu re o f the nitride 
i t  could also cause undesired e lec tr ica l side e ffects  by diffusing into 
the GaAs and forming a 3emi-insulating surface layer by compensation.
In spite o f this possible disadvantage i t  was decided to go ahead with 
the work and actuality check experimentally (by e lec tr ica l measurements) 
whether th is indiffusion was large enough to degrade seriously the 
e lec tr ica l characteristics o f implanted GaAs©
To assess the mechanical a b ility  o f the GaAs * Gr + Si^
system to withstand high anneal temperatures f iv e  specimens o f bulk-grown
n-GaAs (S i doped) were used® Four o f these were coated with different
o o o
thicknesses o f Cr : 20 A (designated Or 1), 40 A (Or 2), 60 A (Or 3) end 
o
80 A (Cr 4) and the f i f t h  specimen, which was to serve as a comparison,
was not coated* A l l  these specimens (four with Gr, one without) were
o
then covered with sputter-depo sited Si^ N^  ( 2000 A thick) and annealed 
in Vacuum in stages % 700°C to 1000°G in increments o f 50°0 with a 
treatment time o f 13 min* at each stage* A fter each anneal the specimens 
were allowed to cool to room temperature (under vacuum to prevent 
oxidation) and then a colour micrograph ( x 50 magnification ) was taken 
o f a representative portion o f the surface o f each o f the specimens to 
check fo r  signs o f non-adherence o f the nitride* A fter the fin a l anneal 
stage (100Q°C) a l l  the specimens were analysed by Rutherford backscattering 
fo r  Ga/As outdiffusion.
Fig. 4.4 (a ) -  (e ) shows the surface photographs obtained
o c %
after the 1000 0 anneal. The specimen with the 80 A Cr interlayer (Cr 4)
had the best surface whereas, at the other extreme, the "No Cr" and
"Cr 1" surfaces were degraded severely as a result o f bubbles in  the
nitride film  bursting and allowing arsenic to evaporate (seen as a
-  59 -
o
(b) Cr 2 (40 A)
SURFACE MICROGRAPHS (MAGNIFICATION: x 50) OF GaAs + Cr + Si^ N  ^
SPECIMENS ANNEALED AT 1000°C AS A FUNCTION OF Cr THICKNESS
FIG. 4.4 (a) & (b)
SURFACE MICROGRAPHS (MAGNIFICATION: x 50) OF GaAs + Cr + S i, N,
o 3 4SPECIMENS ANNEALED AT 1000 C AS A FUNCTION OF Cr THICKNESS
FIG. 4.4 (c) & (d)
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SURFACE MICROGRAPHS (MAGNIFICATION: x 50) OF GaAs + Cr + Si^ 
SPECIMENS ANNEALED AT 1000°C AS A FUNCTION OF Cr THICKNESS
FIG. 4.4 (e )
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shiny brown deposit on the anneal tube) 0 The poor perfoman.ee o f the
very thin 20 A Gr layer (specimen Or 1) is  probably attributable to the
non-conkinuous nature o f the film  which made i t  not much better than
having no interlayer at a ll*  These results would seem to suggest that
a thicker Gr layer would give the n itride film  better adhesive properties
o
and, indeed, when a 200 A interlayer was tried  this v/as found to improve 
the surface in tegrity even further©
The surface micrographs taken at temperatures below 1000°0 
(not shown) Indicated that there was not a great deal o f difference 
in the surface appearance o f the specimens up to 80Q°G© At 850°C and 
900°G the "No Or" specimen was worst and the "Or 4" specimen best® At 
950°G bubbles in the Si^ N^  film  o f the "Cr 1" and "No Or" specimens 
began to burst and release arsenic vapour whereas no such detachment 
o f the n itride occurred in the other specimens.
The Rutherford backscuttering spectra obtained fo r  the fiv e  
ospecimens fallowing the 1000 0 anneal are reproduced in  Fig* 4©5 I only
that portion o f each spectrum corresponding to the GaAs edge and the
encapsulating layer is  shown,with the same horizontal and vertica l
scales used throughout fo r  easy comparison© The analysis was performed
at 2 MeV with a charge co llection  o f 0©5 juG ; as before, no channelled
spectra could be obtained because o f the impossibility of aligning
through the encapsulant. In a l l  f iv e  specimens Ga and/or As had
outdiffused into the encapsulant with a concentration that was higher
at the Cr -  S i, N, interface and decreased towards the outer surface.
3 4
The re la tive  overall outdiffusant concentrations in the nitrides o f 
the f iv e  specimens, as estimated from the profile  heights in the RBS 
spectra, were "No Gr" >  "Cr 1" >  "Cr 2" >  "Cr 3" "Or 4" which 
again indicates that the thicker the Cr in ter layer the better is  the 
encapsulation performance o f the system.
Next, the e ffect o f implanted GaAs on the performance o f
Cr -i- S i, N. was investigated. Several epitaxial n/si specimens were
i  *5 i i i
implanted at room temperature with d ifferen t doses (10 % 10'^ and 
15 *=>2 \10 era ) o f tellurium ions at 150 keV© Half o f these specimens
o
were coated with 200 A o f Cr and a l l  were then encapsulated with a
Q
2000 A. sputtered Si^ N^ film , annealed in  vacuum at 850 0 fo r  15 man.
and m icroscopically examined© The su periority o f the Cr coated specimens
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over the others was clears in the former although bubbles had formed 
over parts o f the surfaces none had actually burst, whereas in the 
la tte r  extensive layer detachment was observed© For both the Cr 4*
Si^ and Si^ specimens i t  was found that the higher the ion dose 
received the greater was the post-anneal surface degradation.
The concluding stag® o f this work was to characterise 
e lec tr ica lly  Cr 4- Si^ encapsulated Te* specimens using Hall 
measurements to establish the carrier concentration and mobility 
depth p ro files ; this information could provide evidence o f possible 
Cr indiffusion and compensation© Since the Hall technique requires 
ohmic t in  contacts to be alloyed onto the GaAs surface, both the 
S i, N. mid Or layers must be removed© The n itride film  was removed 
from each specimen with warm concentrated HF and since th is only 
attacks the underlying Gr slowly, the specimens were then immersed 
in  boiling concentrated hydrochloric acid to etch o f f  th is layer 
rapidly©Unfortunately, the resulting surfaces were badly stained with 
a tenacious brown film  which prevented the alloying o f t in  contacts; 
consequently no Hall measurements could be obtained. I t  is  not fu lly  
clear what this staining is  due to but is  most probably the result o f 
Gr indiffusion and the formation o f a compound with As or Ga©
To investigate this staining BBS studies o f the surface 
before and after treatment in concentrated hydrochloric acid were 
carried out© The results obtained show that although the peak in the 
spectrum oax°responding to Gr was attenuated by a factor o f about 10 
a fter soaking samples fo r  5 min. in the acid, no further attenuation 
was evident even when the treatment time was prolonged fo r  a further 
30 min. This seems to suggest that Gr may have chemically reacted 
with the GaAs surface to form a compound insoluble In hydrochloric 
acid.
The results of the above work indicate that although a Cr 
Interlayer greatly aids tho adhesion o f Si^ and gives the 
encapsulant superior mechanical properties, the indiffusion o f Cr 
leads to the formation o f an insoluble film  which prevents e lectrica l 
contact with the GaAs surface; c learly then, Gr is  unsuitable as an 
interlayer1 fo r  our purposes© However, this work has suggested that
cs> 64 « •
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successful results could be a c h ie v e d  by experimenting w ith  other metal
interlayers to find one that does not have the drawback o f compound
formation with GaAs. Indeed, la ter work by Sealy end Surridge ^
has shown that alminium is  a suitable metal: although they
o
demonstrated that a thick A l layer ( 3000 -  8000 A. ) on it s  own acts 
as an e ffec tive  encapsulant at 700°G i t  is  most probable that a thinner 
interlayer in  the GaAs + A3. ■«* Si^ system would also prove effective©
The conventional passivating layers ( SiOg s Si^ N^, Al, AIN ) 
fox* GaAs are not well suited to device production because of the 
inevitable interruption o f throughput that the deposition process 
involves. The use o f a native grown oxide ( Gag 0^  ) layer would not 
suffer from this lim itation and consequently some investigative work 
has been devoted to evaluating the effectiveness o f such an oxide 
as an encapsulant©
Several GaAs specimens, both bulk SI and epitaxial n/SI, 
were implanted at 200°C with Te or Se ions. Native oxides were grown 
by he&t treatment in oxygen fo r  30 min. at 500°G which generally 
resulted in straw/gold or purple/blue surface co3.ourations and fin a lly  
these oxidised specimens were annealed at 700°G fo r  15 min* in nitrogen® 
Hal3, measurements were then carried out to obtain the e3.ectri.cal 
a ctiv ity  (sheet cannier concentration / implant dose) and depth 
p ro files  o f electron density and mobility. Some specimens were also 
examined by Rutherford baekso att ering to estimate any changes in 
surface composition that may have occurred as a result o f the heat 
treatment.
From the e lec tr ica l measurements i t  was found that only
about 50% o f these oxide-coated specimens became n-type a fter
annealing, with the rest a l l  being p-type. In most cases the
e lec tr ica l a ctiv ity  ( Table 4*1 ) ,  mobility and peak carrier
concentration were lower than fo r  similar specimens encapsulated
with Al or Ga0 0~ + Al.
* 3
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TABLE 4© 1 Comparison o f e lec tr ica l activ ity  fo r  specimens
coated with Gag 0, , 11 and Ga  ^ 07 * A l followed
oby annealing at 700 G
Dose ( chT^) Percentage E lectrica l Activ ity
Ion (at 200°C) Al Ga2 0~ 4- Al
600 keV Te** 2©5 x 1015 18 35 „ 35
600 ke¥ Te** 6 x  10^ ^ o i  , 5o0 % 7  , 13o2 -
390 keV Se* 2 x 1014 3o1 , 0©1 4© 6 £ 101 «3
Fig© 4o6 shows the aligned BBS spectra ( 1©5 MeV He* 9 6 jliG 
charge collection  ) obtained fox'’ an untreated control sx>acimen and fox* Te* 
implanted SI specimens which were n~ or p-type a fter annealing© In both 
the untreated ( Fig© 4©6(a) ) and n-type ( Fig© 4o6(c) ) specimens the Ga 
and As peaks v;©re approximately equal, in size (a fte r  compensating fo r the 
sloping backgrounds) showing that in the la tte r  case no significant change 
in surface composition had occurred a fter annealing© However, fo r  the 
specimen that became p-type a fter processing ( Fig© 4*6(b) ) ,  surface 
non-stoichiometry was evident with the Ga peak being less than half the 
height of the As peak©
To summarise, th is work has shown that native oxides (Ga^ 0^) 
are unsatisfactory as encapsulants fo r  GaAs: they can give good e lec tr ica l 
results, although these are s t i l l  In ferior to results obtained fo r  other 
encapsulants such as A l and Ga2 0  ^ * A l, but the reproducibility is  poor.
4o5 Aluminium encapsulation
Sealy and Surridge have demonstrated, that the problem of
poor reproducibility o f e lec tr ica l ac tiv ity  associated with the use o f 
S l7 N. coatings could be overcome by employing an evaporated A l layer
 ^ 4- 4-as encapsulant. They obtained successful results with Se and Te 
implanted GaAs annealed at 700°C© We decided to use th is same method 
o f encapsulation with Sn* implanted material to determine under what 
conditions of anneal temperature and treatment time the Al encapsulant 
was most efficient©
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Specimens o f either bulk SI or epitaxial r/SI GaAs were
implanted at 200°0 with Sn* ions ( 2 x 10^ cai"^ at 300 keY ) and
o
then coated with a 3000 -  15000 A thick layer o f evaporated Al*
A fter heat treatment at various temperatures (700 -  900°G) and times 
(2 -  60 min) the Al layer was removed and Hall measurements performed 
to characterise the specimens e lec tr ica lly .
I t  was found that in a l l  the 25 specimens examined n-type 
activ ity  resulted which is  greatly superior to results obtained fo r 
native Gag 0  ^ coatings where only about 50% o f the specimens became 
n-type a fter annealing*
Fig. 4o7 shows the carrier concentration and mobility 
p ro files  fo r  sarnp3.es annealed at 700, 800 and 900°G fo r the same 
time, 5 min. In a l l  cases the peak electron concentration was greater
A Cl X
than 10 cm o Further, i t  v/as observed that the carrier p ro file  
broadened, indicating increasing diffusion effects, as the anneal 
temperature increased and this was most evident at 500°Co
The mobility p ro file  fo r  the 900°G anneal varied between
23000 cm / Y.s near the surface to 2000 beyond the a ctiv ity  peak 
whereas at 800°C the con-espending values were 3000 and 4000 cn/ / V0s. 
Tine mobility fo r  the specimen annealed at 700°C was found to drop from 
about 7000 cm’ / Y0s near the surface to a minimum of 1200 at 750 A 
and then to rise to about 5000 cm / V0s deeper in0 These high values 
of mobility indicate that no significant compensation hsd occurred near 
the surface.
Table 4*2 summarises the main e lec tr ica l characteristics o f 
these three specimens.
TABLE 4.2 E lectrical properties o f Al encapsulated GaAs specimens
(a l l :  2 x 1014 Sn* / cm2, 300 keV, 200°C) annealed fo r 
5 man. at 700, 800 and 900°C
-  6 9  -
Anneal
temp.
( 5 min)
Peak 
electron 
concentra­
tion  ,
( am "3)
Depth
of
peak 
( A )
Sheet
carrier
concentra­
tion
(ns om"*”)
W raw jtfiO -awwsM
Activ ity  
< * )
Sheet 
Hall 
mobility 
(jas cm /V0s )
700°C 181©2Q x 10 1600 1*34 x 1013 6068 3230
800°0 1©50 x 1018 1400 2*22 x 1015 11o1 2430
900°C 181*85 x 10 ° 1700 3*57 x 1013 17© 8 2070
I t  is  clear that by increasing the anneal temperature both the 
e lec tr ica l activ ity  and the peak carrier concentration increase and that 
th is is  accompanied by a f a l l  an sheet mobility*
Next, the e ffec t on e lec tr ica l activ ity  and mobility o f varying 
the anneal time at a constant temperature ( nominally 700°C ) was 
investigated ( Fig© 4©8 and Table 4*3 )©
E lectrica l properties o f A l encapsulated GaAs specimens 
(a l l :  2 x 1014 Sn* / cm2, 300 keT, 200°C) annealed at 
700°C fo r  2, 13 and 60 min.
Anneal
time
(700°G)
Peak 
electron 
concentra­
tion ,
( cm “3 )
Depth
of
peak
( A )
Sheet 
carrier 
concentra­
tion  ^
( cm”  )
Activ ity
{ %)
Sheet
Hall
mobility
(p.$ cm2A©s)
2 min 181*15 x 10*° 12j00 9*92 x 1012 4© 96 3320
15 min 181©08 x 1 0 ° 1700 1*38 x 1013 6088 2780
60 min
•ck- t iW ijn:r<
9*00 x 101 ' 1800 1*37 x 1013 6*87 3000
..CARRIER CONG 
(cm- 3  )
ALL: 2x10 1 4 Sn+/cm 2  3 0 0 keV, 200°C 
ALUMINIUM ENCAPSULATION
CARRIER CONCENTRATION AND MOBILITY PROFILES FOR A l ENCAPSULATED
SPECIMENS ANNEALED FOR 5 MIN0 AT VARIOUS TEMPERATURES
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CARRIER CONC.
(cm  3 ) ALL: E P I, 2 x lO ^ S rycm ,2  300keV, 200  C
ALUMINIUM ENCAPSULATION
LSS
RANGE
2  min.
15 min. 
60m in
A 700° c / 2  min. ANNEAL 
X 700°Cy/l5min. ANNEAL 
© 700C ./6 0 min. ANNEAL
3 DEPTH x(103A}
2m in
15min
60 min
HALL MOBILITY 
(cm2/ v . s  )
CARRIER CONGENTRAT ION AND MOBILITY PROFILES FOR A l ENCAPSULATED
SEEC.LviENS ANNEALED AT 700°C FOR VARIOUS TIMES
FIG*
cuiT'i.KMitMtiih.'M ea l
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The 2 and 15 min. anneals had similar peak concentrations 
/ 18 -3 \ /■(above 10 cm ) with the 60 min. anneal, being somewhat lower 
, 17 «3n
(9*00 x 10 em )„  On the other hand, the e lec tr ica l a ctiv ity  fo r  the 
15 and 60 man. anneals were approximately equal whereas the value fo r  the 
2 min© anneal was sign ificantly lower©
Tlie sheet m obilities were fa ir ly  high in a l l  three cases 
indicating that no significant surface compensation had occurred®
The diffusion o f carriers increased with anneal time as 
manifested by the broadening electron concentration p rofiles but this 
e ffec t is  much smaller than that observed fo r  increasing anneal 
temperatures ( Fig® 4*7 )o
Although increasing the anneal time from 2 to 60 min0 at 700°C 
does not degrade the Al encapsulation significantly, results at higher 
temperatures indicate considerable degradations specimens annealed at 
800°C fo r  60 min© and 900° 0 fo r  30 min© show extremely low e lec tr ica l 
a c tiv ity  « 1 %  ) and sheet mobility (<700 em2/V©s )©
For1 comparison purposes, two epitaxial specimens were annealed
( 700°G / 15 min© and 800°G / 15 min© ) without a protective encapsulant
( Fig® 4o9 )® The specimen treated at 700°0 / 15 min© had a lower
activ ity  ( 4© 19% ) and peak concentration ( 7©50 x 10^ om'^ ) but a
2similar sheet mobility ( 2590 cm / V©s ) to A l coated specimens.
However, fo r  the 800°C / 15 min© anneal, although the peak concentration 
1 ft
( ^  2 x 10 cm ) and ac tiv ity  ( 9© 31% ) were both high, the sheet
2mobility value was extremely low ( 930 cm /Y0s ) ,  indicative o f gross 
surface compensation©
In a l l  the specimens examined, i t  was observed that after
dissolving the Al coating in HF subsequent to annealing some staining
o f the GaAs surface was evident which was slight at 700°C but became
progressively worse fo r anneals at 750 , 800 and 900°0o This staining
is  believed to be due to A l indiffusion probably resulting in Ga,,/ i «=x
Al As© On further investigation using RHEED,'  P several annealed 
specimens showed the presence of small amounts o f A l on their surfaces 
which could not be removed even by prolonged treatment in HF confirming 
the speculation that A l may have diffused into the GaAs surface.
CARRIER CONC 
(c m'3)
LSS
RANGE
BOTH: EPI, 2X1014 Sh /cm ^  300 keV, 200°C 
NO ENCAPSULANT
© 700°c / l5  min. ANNEAL 
X 800°C/ 5 min. ANNEAL
HALL MOBILITY 
(cm2/ v , s  )
800°C/5m in. 
700°C/15 min
7 0 0 °c /15 min - 
800°C^ 5 min
CARRIER CONCENTRATION AND MOBILITY PROFILES
FOR UNENCAPSULATED ANNEALED GoAs
103
1016l-------------- 1 1 1 : ho2
0 1 2  3 DEPTH x (10 3 A )  — -
—  7 4  —
To investigate the indiffusion o f Al, an epitaxial GaAs specimen 
O /
coated with 1600 A of Al was analysed by backscattering (1.5 MeV He , 4 yuG
charge collection ) before and a fter an 800°G / 5 min. anneal in nitrogen®
The spectra obtained ( Fig® 4® 10(a) ) indicate that Ga/As outdiffusion
into the coating had occurred with the impurity concentration decreasing
towards the Al surface® The oxygen peaks observed on both spectra were
most probably due to the fom ation of a surface layer o f aluminium oxide
during deposition and annealing® Fig. 4® 10(b) shows the A l peaks plotted
on an expanded scale ( x 2 horizontal and vertica l ) a fter subtracting
the background counts from the corresponding spectra o f Fag® 4oi0(&) :
the evidence fo r  A l indiffusion is  clear® Similar work using several
SI specimens indicated that Al diffused deeper than fo r  epitaxial material®
Rutherford backscattering was also used to examine the surfaces 
o f several Sn implanted SI and epitaxial specimens coated with Al and annealed 
at 700°Co With the encapsulant removed, the aligned spectra indicated 
that in a l l  cases the surface compositions were identical to unimplanted, 
unannealed control samples within the lim its of resolution o f the RBS 
system® Only 4 specimens, two epitaxial and two SI, were examined 
(with the A l removed) a fter an 800°C anneal® The spectra fo r  the 
epitaxial specimens indicated that the surfaces were stoichiometric 
whereas the Ga and As peaks fo r the SI specimens could not be resolved 
probably because o f surface disorder®
In conclusion, from the e lec tr ica l properties o f the specimens 
mentioned above and from several others as well, we have found that the 
use o f an Al encapsulant gives very successful and reproducible results 
especially at 700°G® However, at higher anneal temperatures, especially 
where longer anneal times are involved, some degradation o f the encapsulant 
becomes apparent®
4»6 Native Oxide * Aluminium encapsulation
In the previous section on Al encapsulation we have mentioned 
the problem of GaAs surface degradation due to interdiffusion effects , 
especially above 7G0°C, where i t  becomes more d iff ic u lt  to remove the 
encapsulant and generate a smooth, clean' surface® I f ,  however, the Al 
layer could be separated from the specimen surface by a film  o f native 
oxide these diffusion e ffects  may well be reduced sign ificantly. In 
ea rlie r experiments we have shown that native Ga  ^ 0  ^ layers on their own
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can give good results but that the reproducibility (only a 50% success rate) 
is  poor® This high fa ilu re rate we believe may be due to the presence o f 
pinholes and cracks in the oxides and, conversely, we may argue that the 
deposition of an Al layer over such oxides may e ffec tive ly  seal these 
defects (especially since the anneals are always conducted above the 
melting jo in t o f A l, 660°0) and lead to an improvement in the performance 
o f the G&2 0  ^ layers© The next stage o f the experimental work, then, was 
to investigate the effectiveness o f such dual oxide * AX layers especially 
with regard to their behaviour at high anneal temperatures and their 
reproducibility©
Bulk SI and epitaxial p/SI GaAs specimens, implanted at 200°G
*| jr £*>2 *L
with a 2 x 10 cm dose o f Sn ions at 300 keV, were thermally oxidised 
at 500°C fo r  30 min. in an oxygen atmosphere which produced fa ir ly  uniform 
straw or blue coloured oxides© In  some cases the specimens were oxidised, 
f i r s t  and then implanted through this oxide film© An overlayer o f Al 
(3000 *=» 15000 A.) was then deposited on the surfaces and the specimens 
annealed at various temperatures and times© Subsequently, the dual 
layers were dissolved in HF and Hall measurements performed©
About 30 samples were examined and in a l l  cases n-type activ ity  
was recorded, a result similar to that obtained fo r  Al alone© On removing 
the dual encapsulant the surfaces o f the oxidised specimens appeared to be 
cleaner than those d irectly  coated with Al and this difference was most 
obvious fo r  anneal, temperatures at and above 800°C©
The results obtained fo r anneals at 700, 800 and 900°0 are 
shown in  Fig© 4o11 and Table 4*4©
TABLE 4©4 E lectrica l properties o f oxide 4* A l encapsulated GaAs 
specimens (a l l :  2 x 10 *^* Sn* / cm2, 300 keV, 200°C)
Anneal
Tempc/Eime
qrccsasaia™
Peak electron 
concentration
(  (mT^ )
Depth of 
peak
e 0 \( A )
Sheet 
Carrier 
concentration 
(n cm )3
A ctiv ity  
( % )
Sheet Hall 
mobility
(ju& cm2 A  *3)
700°C/15 min I©02 x 1018 1200
131o05 X 10 J 5©24 3240
800°G/ 5 min 1e65 x 10 0 900 132©06 x 10 10*3 2580
900°C/15 mi2i 4.40 2 1017 j 950
12
2©84 x 10 1©42 4140
CARRIER CONC. ALL: 2 x 1014 SnVcm 2 300 kcV, 200°C
( c m 3 ) /
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ENCAPSULATED WITH &a2 0^ + A l
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The peak electron concentration and percentage e lec tr ica l 
activ ity  obtained fo r  the 700°G/15 min® and 800°G/5 min© anneals were 
very similar to those values recorded fo r  Al encapsulated specimens 
(Tables 4*3 end 4*2), but the sheet m obilities were somewhat higher©
For the 900°G/l5 min® anneal the activ ity  and peak concentration were 
both very low and i t  is  obvious that the encapsulant had failed© Similar 
poor results have also been observed fo r  Al coated specimens annealed at 
900°0 fo r 15 or 30 min®
The electron concentration peaks in the oxide * Al coated
o
specimens occurred at depths o f 900 -  1200 A whereas fo r  Al coated
o o
specimens the mean value v/as about 1600 A® The difference (400 -  700 A)
represents the thickness o f GaAs consumed during the oxide growth and,
assuming that this is  ■§ o f the oxide thickness , th is means that the
o
oxides were about 600 -  1000 A thick© This agrees quite well with the 
values fo r  oxide thickness estimated from their interference colours :
✓ 0 \ / ° Xstraw (/v 500 A ) and blue ( ^  900 A ) ©
Fig. 4*12 illu strates the p rofiles obtained fo r  a typical
specimen implanted through the thermal oxide, encapsulated with Al
and then annealed at 700°C fo r 15 min. Although the peak carrier
17  —3concentration ( 9 = 00 x 10 cm ) was s ligh tly  lower than fo r  Al or
Ga9 0y * A3, encapsulated specimens implanted in the normal way, the 
^ 5 2
sheet mobility ( 3330 cm / V0s ) and activ ity  (5*70% ) were approximately
/ 0 \the same© The peak depth ( 1700 A ) was similar to values obtained for
Al specimens but sign ificantly deeper than fo r  Gap 0  ^ •{• Al specimens 
(implanted normally); this probably suggests that the stopping power 
o f Ga2 0  ^ (depth o f penetration per unit beam energy) is  much less 
than that o f GaAs0
Fig. 4*13(a) shows the backscattering spectra ( 1®5 MeV, 5 ^ 0
charge collection  ) fo r  three bulk SI specimens which were thermally
o
oxidised and then coated with a 2000 A layer o f evaporated Al® Two 
o f the specimens were annealed at d ifferent temperatures ( 700°C/15 min. 
and 800°C/15 min.) and the third, which was to serve as a control, was 
le f t  untreated® Outdiffusion o f Ga/As into the Al layer had occurred 
fo r  both the annealed specimens with the greater impurity concentration 
observed at 800°G® The d ifferen t depths o f indiffusion fo r the two 
anneals are clearly evident in Fig© 4* 13(b), where the background leve l
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has been compensated for®
The above work shows that the dual encapsulant, Ga  ^ 0  ^ 4- Al, 
gives e lec tr ica l results very similar to those measured fo r  A3, alone at 
anneal temperatures up to 800°0 but that both encapsulants are unreliable 
at 900°G and above® However, the use o f the oxide + Al encapsulant is  
desirable, especially above 700°G, because o f the cleaner surfaces 
obtainable on dissolving the coatings® The results presented fo r 
GaAs 4- Ga2 0  ^ 4- Al specimens implanted through the oxide show that 
their e lec tr ica l characteristics, including the electron concentration 
peak positions, are similar to GaAs 4. A l specimens fo r  700°G anneals©
This suggests that i t  may be advantageous to carry out a l l  implants 
through pre-“oxidised material since the oxide, apart from it s  usual 
function as an interlayer, would serve both to protect the delicate 
GaAs surfaces against mishandling damage prior to Implantation and 
prevent dissociation during implants conducted at elevated temperatures; 
furthermore, implant temperatures much higher than the 200°C used at 
present may be feasible®
4©7 Investigati on o f the annealing, kinetics in Tin .'implanted GaAs
The fin a l part o f th is thesis is  devoted to experiments which 
seek to establish the relationship between the le v e l of e lec tr ica l 
a ctiv ity  in Sn* implanted GaAs and the anneal temperatures and times 
employed© The obvious practical advantage to be gained from such 
information is  the ab ility  to predict the number o f implanted ions 
that become e lec tr ica lly  active under given annealing conditions and 
consequently to choose the most suitable temperature-time combination 
to maximise th is activation. In addition, the data may also enable us 
to characterise the annealing kinetics and gain some insight into the 
physical processes that occur during heat treatment.
One o f the most important considerations in setting up the 
experiments was the influence o f the encapsulant on subsequent results ; 
any fa ilu re would inevitably cause a change in surface composition and 
consequently in e lec tr ica l properties and would therefore lead to the 
possib ility  of the annealing results being misinterpreted. To minimise 
th is ambiguity only the two most successful encapsulants, A l and oxide 4* Al, 
were chosen fo r  this work. Even so, extreme caution must be exercised
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in interpreting results fo r high anneal temperatures since both these 
encapsulants are prone to fa ilu re above about 800°C especially i f  
anneal times longer than 5 -  10 min. are employed.
About f i f t y  Sn* implanted bulk SI and epitaxial n/SJ GaAs 
samples were used in the experimental work© Half were d irectly  coated 
with evaporated Al and the rest f ir s t  themally oxidised and then 
overlaid with Al* Anneals in the range 700 -  $00°G fo r 2 -1 2 0  min* 
were carried out in a nitrogen atmosphere and a l l  the specimens were 
e lec tr ica lly  characterised using Hall e ffect measurements without 
layer removal. In addition, over half the specimens were also stripped 
and measured to enable depth p ro files  o f electron density and mobility 
to be calculated* The e lec tr ica l results obtained fo r  each encapsulant 
are set out in Tables 4*5 and 4*6®
Further analysis and discussion of these data together with 
an account o f the experimental d iff ic u lt ie s  encountered w il l  be le f t  
to the next chapter®
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TABLE 4*3 E lectrical results fo r  Al encapsulated Sn* implanted
( 2 x 101if cnf2 , 300 keV, 200°0 ) GaAs
Materiel.
Anneal 
Temp®/Time
(  °G /  min )  j
1
s 3 r s g c ^ e a g & a f t e T S t o . ' * > » c w g » » c i o « < o ' > T C T
Sheet 
Garrier 
Concent ration
(  cm” 2 )
n * t r a » T 3  • * . » W S S S H f i a u r t 3 0 « M w » © - s r « « 4 r c l 2 w J « « 3 * = '
I]
Activ ity  !j
(  %)
Sheet
Hall
Mobility
2
(  n  cm /Vo s  )
epi 7 0 0  /  2  | 1 2% 9 2  x  1 0 4 * 9 6 3 3 2 0
i t 700 /  2  j 1 0 1 Q  x  1 0 1 3 5 * 5 2 3110
t i 7 0 0  /  5 1 * 3 4  x  1 0 1 3 6 0 6 8 3 2 3 0
t i 700 /  1 0 9 * 2 4  x  1 0 1 2 4 * 6 2 2 5 4 0
ii 7 0 0  /  1 5  j 1 o 8 6  x  1 0 * *  ^ 9 o 3 0 2700
t i 700 /  1 5 1 o 3 8  x  1 0 1 3 6088 2 7 8 0
i t 700 /  1 5 1 e 0 8  x  1 0 1 3 5 o 3 8 1 8 2 0
i t 7 0 0  /  1 5  | 1 2% 1 2  x  1 0 4 o 5 6 3 5 3 0
u 7 0 0  /  1 5 1 © 0 9  x  1 0 1 3 5 * 4 7 3 1 4 0
u  0 7 0 0  /  1 5 1 * 6 4  x  1 0 1 3 I 064 2 4 6 0
“  0 700 /  1 5 1 o 60 x  1 0 1 3 1 ®6o 3020
SI 7 0 0  /  1 5 1*16 x  1 0 1 3 5 * 7 8 1 9 0 0
SI 7 0 0  /  1 5 1 * 2 0  x  1 0 1 3 5 * 9 9 2 1 0 0
epi 7 0 0  /  3 0 1*40 x  1 0 1 3 6 ©  9 8 3 1 9 0
n 7 0 0  /  3 0 1©32 x  1 0 1 3 6 . 5 8 3100
i t 7 0 0  /  4 5 1 © 2 1  x  1 0 1 3 6 * 0 7 3 1 8 0
i t 7 0 0  /  4 5 1 * 3 3  x  1 0 1 3 6064 3 1 9 0
n 700 /  60 1 * 2 7  x  1 Q 1 3 6 . 3 3 3 0 4 0
i t 700 /  60 1®37 x  1013 60 87 3000
SI 750 /  5 1o59 x  1013 7*93 1680
SI 750 /  5 1*36 x 1013 6*79 1770
epi 800 / 5 2*22 x  1 0 1 3 1 1 . 1 2430
SI 0 0 800 / 5 4*77 x 1012 9*55 2230
SI 0 0 800 / 5 4o29 x  1 0 1 2 8*59 2870
SI 900/  5 3*57 x 1013 17*8 2070
0  Dose : 1 x 1Q^ 3 cm” 2
0 0  Dose : 5 x 10^3 cm” 2
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TABLE 4q6 E lectrica l results fo r Oxide 4- Al encapsulated Sn+ implanted 
( 2 x 1014 cm“ 2 , 300 keV, 200°G ) GaAs
Material
Anneal
Tempo/Time
( °G / min )
Sheet
Garrier
Concentration
( n cm”2 ) v s 7
Activ ity  
( $ )
Sheet
Hall
Mobility 
( ja& em2/V©s )
epi 700 / 2 7.44 x
120 3* 72 3010
1 700 / 2 8©36 x o12 4*18 2770
1 700 / 5 1o02 X o13 5©10 3010
1 700 / 5 1o10 X o13 5o52 2930
1 700 / 10 5*75 x o12 2© 88 2430
1 700 / 15 1*37 x o13 6086 2360
tt 700 / 15 1o60 X 013 80 00 3490
1 700 / 13 1© 79 x o13 8*96 2900
1 700 / 15 1.86 x 013 9*31 2350
1 700 / 15 1c 05 x o13 5*24 3240
ti 700 / 15 80 91 X
12 4©46 3570
t: 700 / 15 9*10 x o12 4*55 3670
it 0 700 / 15 1o07 x 013 5o35 3010
1 0 700 / 15 1*16 x o13 5*79 3330
SI 0 700 / 15 1ol6 X 013 5*79 2010
SI 0 700 / 15 80 43 x o12 4© 21 2390
SI 700 / 15 1 o31 x 013 6*55 2420
SI 700 / 15 1*50 x o13 7*48 2470
epi 700 / 30 1o11 X 013 5®56 2950
1 700 / 45 1*23 x 013 6*16 3310
1 700 / 60 1 ©46 X o13 7.32 3240
n 700 / 120 1o18 X 013 5© 89 3330
I 1 750 / 5 9© 23 x o12 4© 61 4790
1 750 / 15 1*42 x 013 7*10 3480
i» 750 / 30 1©58 x 013 7*91 2990
it 800 / 5 3*04 x o13 15*2 1550
it 800 / 5 2*06 x o13 10*3 2580
1 800 / 15 5©65 x o12 2*82 3380
SI 800 / 15 1o12 X q13 5*62 2190
epi 900 / 15 1©57 x
120 o©787 4280
SI 900 / 15 2© 84 x
120 1*42 4140
0 Implant through oxide
-  8 5  -
5« DISCUSSION AND ANALYSIS OF RESULTS
5 ©1 SiCL encapsulation
The backscattering results fo r SiO^ -  encapsulated GaAs annealed 
at 750°C in a ir or nitrogen showed an accumulation of Ga/As at or near the 
SiO^ surface. Although our experiments could not d ifferen tiate between 
these two atomic species we believe that there is  considerable evidence 
to indicate that the surface buildup is  almost certainly that of Ga.
We shall f i r s t  examine the re lative rates o f Ga and As diffusion
( 89)through SiO^o Ghezzo and Brown v '  have calculated the diffusion 
constants o f these elements in SiO^ from the results o f several groups o f 
workers and we shall use the following typical values in our calculations:
Element
in
SiC^
Diffusion 
Congt ant Dq 
( cm /sec)
Activation 
Energy Q 
(eV)
Source/Ambient Reference
Ga 1.04 x 105 4° 17 GagQ^v apo N^ ( 90 )
As 98© 2 4o 88 AsH^  / Og + Ng ( 91 )
Although the actual values o f the constants Dq and Q are known to be 
dependent on the source and ambient conditions of the diffusion 
experiments, the composition and density o f the silicon  dioxide and the 
diffusion temperature, the influence o f these factors w il l  be neglected 
as we are concerned here only with rough, f i r s t  order estimates o f the 
re la tive diffusion depths®
Fig. 5.1 shows the mean diffusion depths o f Ga and As in SiOg 
as functions of temperature and time using the above constants in the 
following relations:
x
and D Do exp
(92)
Qe
55?
X " mean diffusion depth (am)
t  ss anneal time (sec)
D - diffusion coeffic ien t (cm' / sec)
D = 0 diffusion constant (cm" / sec)
Q = activation energy (eV)
e = electronic charge (c )
k = Boltzmann constant ( J / °K )
T a anneal temperature ( °K )
I t  can "be seen that the penetration depth of Ga is  more than 3 orders of
magnitude higher than that o f As© I t  is  reasonable then to assume that
the surface impurity collection  is  mainly Ga® For the 750°G/15 min
o o
anneals used, Fig© 5o1 predicts depths o f 0.0025 A and 45 A fo r  As and Ga
respectively© However, what we now assume to be gallium was observed by
o
BBS at or near the surfaces of our 3000 A thick SiO^ films; this 
discrepancy is  probably attributable to our encapsulating films being 
more porous than those of References ($0) and (91)*
Gallium accumulation has also been confirmed by several other
researchers® For instance, in KBS studies using high He* bombarding
(41)energies in conjunction with channelling, Gyulai et al have
unambiguously identified  the impurity buildup at the oxide surface as 
gallium© Further, by stripping and analysing the oxide film  they 
concluded that the As content was not more than 20% and probably less 
than 10% o f the Ga content®
Our backscattering work c learly  showed the differences between 
the three methods o f heat treatment© For annealing in contact with a ir 
a surface or near -  surface Ga peak was observed together with a large 
impurity (mainly Ga) concentration within the encapsulant whereas a 
smaller Ga peak with no impurities in the SiO^ layer, within the 
detection lim its of the BBS technique, were seen fo r anneals conducted 
in nitrogen® In contrast, no measurable impurity outdiffusion or 
collection  occurred fo r vacuum anneals© A possible explanation, in terms
o f the oxygen content o f the annealing atmosphere, may be inferred from
(93) (58)the work o f Sealy and Ritchie v / and B e ll et al . '  in which they
report the formation of a polycrystalline layer o f j3  -  Ga  ^ 0 ^  at the
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GaAs -  SiOp interface of nitrogen annealed specimens, observed by Tffl 
a fter removal, of the encapsulant; th is was atta?ibute& to oxygen indiffusion 
through the SiOp films© I t  is  speculated that because o f the large ingress 
of. oxygen during our anneals in. a ir, oxidation of some outdif fusing Ga may 
occur with the resultant formation and trapping o f Ga  ^ 0  ^ within the SiO  ^
layer which, together with the possible occlusion o f oxygen within the film , 
may significantly change the physical structure and properties o f the 
encapsulant© This could allow a greater outdiffusion and collection  o f Ga 
as compared with nitrogen annealed specimens where the oxygen content of the 
annealing atmosphere is  very much smaller© Our observation o f no measurable 
impurity distribution in SiO^ layers annealed in nitrogen or vacuum is  
consistent with the above model as there w il l  be a fa r  smaller probability 
o f oxidation and trapping of outdiffusing Ga (which is  believed to account 
fo r  some o f the Ga distribution observed by RBS fo r a ir anneals) and 
structural alteration of the films©
The results o f the optical examination indicate that the degree 
o f SiO^ damage fo r the three d ifferent anneals is  a ir >  nitrogen >  vacuum© 
This again suggests that the oxygen content of the annealing environment 
is  the chief factor involved, being the only experiment a l variable; a l l  the 
GaAs substrates used were obtained from the same source, the SiO^ layers 
were similar in surface appearance and a ll  the anneals were isothermal 
and isochronal© Possible damage mechanisms may include degradation due to 
the physical changes induced in the SiO^ films by the indiffusion of oxygen 
(observed as cracks fo r  anneals in a ir end nitrogen but not in vacuum) and 
the loss o f adhesion between SiO^ and GaAs caused by the growth of thick 
Gag 0  ^ interlayers (observed as encapsulant spailing during air anneals)©
Although the preceding results suggest that Si02 is  not a 
promising encapsulant i t  should be noted that i t  has been employed 
successfully in the fabrication o f GaAs devices such as the injection 
laser ^  and the IMPATT diode In the former device, Zn implanted
GaAs was encapsulated and heat treated at 900°C fo r  3 hours© The success 
o f th is laser can probably be explained on the basis that outdiffusion o f 
Ga ( i 0 e© generation o f Ga vacancies) is  actually desirable as i t  aids the 
location o f Zn on Ga sites to give the required p-type activity® In the 
la tte r  device, however, the explanation .is not so straightforward© Here 
an 8Q0°G/20 min anneal was used to activate e lec tr ica lly  the donor S implant, 
which should occupy As s ites, and a low doping effic iency would therefore 
be expected because of the possib ility  o f compensating SAr complexes
being formed with G-a vacancies. I t  may be argued that even with the low 
donor a ctiv ity  the carrier concentration achieved was su ffic ien tly  high 
to ensure successful operation o f the IMPAII diode; in other words a very 
high encapculation effic iency may not be essential fo r  the fabrication o f 
some devices o
5©2 S i, encap&ulatlon
The results o f the RBS investigation reveal,ed that Si^ was a
better barrier to Ga and As diffusion than SiO  ^ i no atomic outdiffusion
was observed fo r  anneals in vacuum (sim ilar, in this respect, to SiO^) or
in  nitrogen (unlike SiO^ which permits Ga outdiffusion and collection  at
the encapsulant surface)© This difference is  most probably attributable
to the smaller amount o f free oxygen available within the n itride films
end their greater ab ility  to prevent indiffusion o f oxygen from the
atmosphere, resulting in less encapsulant degradation® The la tte r
151)property has been reported by Hu and Gregor v 7 who found that oxygen
did not diffuse through high quality sputtered S i, N. layers even at
otemperatures as high as 1050 -  1200 C® This has been confirmed in more 
recent work by Hemment et a l who compared the e ffects o f annealing
SiOg- and Si^ -  encapsulated GaAs® They observed that after heat 
treatment at 750 C a layer o f Ga  ^ 0  ^ formed at the encapsulant -  GaAs 
interface fo r  SiO^ , but not fo r  Si^ indicating the a b ility  o f nitride 
layers to inhibit any significant oxygen in&iffusion©
In annealing experiments on GaAs specimens coated with a 
sputtered n itride i t  was observed that the physical appearance of the 
encapsulant (bubbles, cracks e tc .) varied considerably even though the 
samples were treated sim ilarly; chemically grown films also showed this 
va r ia b ility  but to a much lesser extent© I t  was suspected that this non­
reproducibility was due to the composition and physical structure o f these 
nominally similar films being sign ificantly d ifferen t, especially since 
the greatest differences were observed between batches o f specimens coated 
in separate n itriding runs with sign ificantly smaller variations within 
each batch© Furthermore, S i, N, deposition on epitaxial substrates 
gave better results (i.e©  less surface deterioration), in most cases, 
than on bulk n~type, p~type or SI substrates which suggested that the 
encapsulant effic iency may also be substrate-dependent*
I t  has long been known that the experimental conditions during 
the n itride deposition can greatly affect the properties o f the resulting
-  90 -
films® Hu and Gregor , fo r  instances have shovrn that small variations
in  such parameters as the power density, residual pressure and leve l of
hydrocarbon contamination in a reactive sputtering system can result in.
films significantly changing their structural properties and losing their
mechanical strength and ab ility  to mask against diffusion o f certain
elements® Although chemically grown Si^ layers are known to be more
e ffec tive  than sputtered layers because o f such factors as their lower
oxygen content, higher density and lower concentx-ation o f structural
defects, problems due to substrate dissociation may be encountered
because o f the higher deposition temperatures 750°C) involved®
In such n itrides the time taken to raise the specimens to the reaction
temperature then becomes a crucial factor® Our samples were brought to
the deposition temperature (750°C) in about 75 sec. and although these
films were superior, as regards bubbling and loss o f adhesion, to the
alternative method o f sputtering on the films at 350°0, even better
results may have been achieved i f  the samples had been heated more rapidly®
(52)This was demonstrated by Donnelly et al who used a low mass
carbon strip  heater to raise their specimens to the deposition 
temperature (720°C) in less than 10 seG* and found that these films 
could reproducibly withstand anneals at temperatures in excess o f 950°G©
Although the influence o f the deposition method on the
effectiveness o f Si^ encapsulation is  now well established, the fact
that the type o f GaAs substrate used may also be an important factor
has been recognised only fa ir ly  recently© This has been established,
(59)fo r  example, by workers at Surrey University who have carried
out an investigation into the e ffects  o f annealing S i, layers 
deposited onto bulk <J00 SI GaAs and epitaxial <^ 1 G O n / S X  
GaAs obtained from a variety o f manufacturers® Using RBS analysis they 
observed that fo r  GVD n itrides deposited at 750°C on a Variety of 
unimplanted GaAs samples the amounts o f gallium and arsenic lost from 
the surfaces were peculiar to the source (manufacturer) o f the material® 
Surprisingly, this work has also shown that the encapsulation effic iency 
may also depend on the implanted, species© Using epitaxial material from 
a single source implanted with Se, Ga 4- Se, Te or Ga .-j- Te and encapsulated 
with a chemically deposited n itride they found, that only one out o f six 
specimens implanted with Te or Ga 4- Te gave significant e lec tr ica l 
a c tiv ity  (the rest having a high resistance) whereas a ll  the nine specimens 
implanted with Se or Ga 4- Se became n-type© In comparative work using Al
(51)
to enca.psul.ate Te and Ga 4- Te implanted specimens, the expected donor
activ ity  was achieved following a 700°G anneal© They concluded therefore
that their G¥D Si., N, had an adverse e ffect on the attainment of 
3 4-
elec tr ica l activ ity  o f GaAs implanted with Te©
(9b)Recent work at the Massaehussets Institute o f Technology <v
has shown that although a pyrolytic Si^ film  may y ie ld  excellent
results when used to encapsulate a particular substrate material., the same
deposition procedure may he quite unsuitable fo r starting material, that is
less heavily doped® These researchers observed that although samples o f
1 6 - 3n-type GaAs with n ^  10 cm ' could be coated and subsequently annealed 
at about 1000°G with unchanged properties, the same deposition process
15led to erratic changes in the properties o f ligh tly  doped ( n < 3 x 1 0  
-3 \cm j epitaxial layers© They found, however, that successful results 
could be achieved with the la tte r  material simply by changing the 
deposition conditions o f the system, fo r  instance, by Increasing the flow 
rates o f the reactant gases and carefu lly controlling the temperature o f 
the samples©
ft© 3 Gr -  with -  S i., encangulation
Our annealing experiments with unimplanted GaAs clearly 
established that the use of a Gr film  significantly reduces the surface
deterioration o f a Si-. N, overlayer and permits samples to be heat treated
o *to 1000 G without any bubbling or cracking of the nitri.de and mth only
minimal out diffusion o f Ga or As® Work with Te implanted material yielded
less favourable results, m th some bubbling observed at 8ftO°G, but was
still, a great improvement over control samples without Or in which
extensive layer detachment had occurred®
Unfortunately, however, e lec tr ica l contact to the GaAs could not
be made because o f the formation o f a po^crystalline brown surface layer
believed to be the result o f a chemical reaction at the Or -  GaAs interface.
This layer is  probably composed of a binary alloy which could be one or
( 9 5)
more o f the possible chromium arsenides Gr As, Cr0 As said Cr, As„ , ' or
(96) (97^even Cr^ Ga  ^ ' and Cr Ga  ^ J; i f  oxygen were present in the Si^ N^
layer there is  then the further possib ility  o f chromium oxide or a complex
oxide o f Ga, As and Cr resulting. Although a.considerable e ffo rt v/as made
to confirm the existence o f these compounds using RfffiED analysis, the results
obtained were d iff icu lt  to interpret with confidence
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' MEAN DIFFUSION DEPTH OF Cr IN GaAs AS A FUNCTION OF TEMPERATURE AND TIME
The re lative thickness of this brown film , as ascertained by 
scratching the surface, suggested considerable interdiffusion effects at 
the metal~semiconductor interface and this is  in fact substantiated by 
Fig© 5.2 which allows the mean diffusion depth of Cr in GaAs as a function 
of anneal temperature and time using the following sets o f diffusion 
constants:
Diffusion Activation Temperature
Constant D Energy Q Range References
2  ^(cm / sec) ( «V )
4300 3o4 not stated (98) , (99)
0*0079 2*2 800 «  1100°C (100) » (101)
Although there is  a considerable discrepancy between the two sets of
p ro files , especially at higher temperatures, there is  no doubt that Cr
does diffuse deeply into GaAs© As an example, fo r  a typical 8;30°C/15 min
o
anneal the theoretical diffusion depth is  about 3000 A© This suggests
that even i f  electrical- contact could be made to the underlying GaAs,
the specimen would s t i l l  be worthless fo r  device purposes because the
o
near -  surface region, a few thousand A deep, would most probably be 
compensated by the indiffusing Cr and rendered semi-insulating©
i t  is  d iff ic u lt  to explain with certainty why the Cr interlayer 
helps to maintain the surface in tegrity of the Si^ deposited over i t  
but a reasonable assumption is  that i t  does this by reducing the Ga/As 
impurity concentration within the nitride© This assumption is  consistent 
with our observation that an increase in the thickness o f the Cr layer 
results in a reduction in the outdiffusant concentration in the nitride 
film  and an improvement in the physical appearance o f the surface©
5.4
The use of th is encapsulation fo r Te or Se implanted GaAs was 
found to be unsatisfactory: although some specimens had fa ir ly  good
e lec tr ica l properties a fter heat treatment, the overall reproducibility 
v/as very poor with only about one half of the to ta l number o f specimens 
examined becoming n-type, the rest a l l  being p-type© Several different
types o f substrate material v?ere studied to discover whethex' the problem 
was substrate-dependent but no obvious correlation was evident©
Our backscattering measurements shov/ed that the n-type specimens were
chax*acterised by a post-anneal surface composition that was stoichiometric
or near-stoichiometric whex'eas p -activ ity  was obtained in those sjpecimens
which exhibited a marked excess o f ax*senic over gallium at their surfaces©
This would seem to indicate that the large va riab ility  in e lectrica l
characteristics fo r  nominally sim ilarly processed samples was the result
o f the encapsulating native oxides d iffering greatly in their ab ility  to
lim it gallium and arsenic loss from the substrate surfaces© Our own
experience in growing the-mal oxides is  consistent with th is interpx-etation.
We have obsexved that under identical growth conditions i t  was a common
occurrence to find significant differences in interference colour1 from
specimen to specimen suggesting variations in thickness and/or density.
Furthermore, a microscopic examination o f these oxide layers revealed
considerable d issim ilarities in surface texture, probably indicative of
differences in physical structure and hence porosity© In  addition, gross
structural defects such as cracks and pinholes wex-e present in some o f the 
( 102)thermal oxades '  and may account fo r the abnormally large changes in 
GaAs surface composition that were detected occasionally by the backscattering 
system© Although our results have led us to conclude that the kind o f 
substrate used was not a determining factor, i t  should be noted that its  
e ffects , i f  any, were most probably swamped by the much greater contribution 
of the oxide film 0
Further evidence that our in ab ility  to grow consistently high
quality defect-free Ga0 0, was the main contributory factor to the generally
— 3
low leve l o f e lec tr ica l activ ity  and re pro due ib i l i t y  attained v/as provided 
the x-esults o f our work on Ga2 0  ^ 4- A l dual layers© Extensive tests on 
Sn implanted GaAs have px-oved this dual coating to be an excellent encapsulant 
which successfully overcame the problem of x’eproducibility experienced when 
native Ga2 0  ^ v/as used alone© This success is , we believe, attributable to 
the action o f the evaporated Al overlayex” in sealing the defects and reducing 
the porosity of the oxide layer thereby lim iting the outdiffusion o f Ga/As 
and so maintaining the stoichiometric propox'tions o f the GaAs surface©
From what has been stated above, i t  is  reasonable to assume that 
native oxides could be employed successfully as encapsulants i f  a method o f 
growing dense, reproducible layers o f a su ffic ien tly  high quality wex’e adopted©
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This oould be achieved by adapting our present thermal, oxidation system to 
allow a much greater control over the furnace temperature which we believe 
w il l  overcome many of the growth problems we have experienced® Another 
possib ility  is  to grow the oxides anodic a lly  which can, mth a suitable 
choice o f electrolyte, produce extremely uniform, dense films hut
has the disadvantage o f being unsuitable fo r  use with high resistance GaAs 
materialo
5c5 Aluminium encapsulation -
The results reported ea rlie r in the experimental section o f this 
thesis clearly demonstrate that a layer o f aluminium evaporated over GaAs 
acts as an excellent encapsulant© Reproducible e lec tr ica l properties were 
obtained fo r  Sn implanted Gas using 700°G anneals with treatment times of 
2 -  60 min© Although some successful donor doping was achieved at 900°C,
Al was unreliable above 800°0 since abnormally low values o f e lectrica l 
a c tiv ity  and mobility were sometimes recorded, especially i f  annealing 
times longer than 5 min were used©
In order to understand the unreliab ility o f A l at high temperatures 
we shall attempt f ir s t  to iden tify  reactions occurring at the A l -  GaAs 
interface© Although the e ffec t of thermal aging on the e lectrica l and 
metallurgical properties o f several metals such as gold, platinum and 
tungsten on GaAs is  w ell established the solid-phase reactions
occurring in the Al -  GaAs system have only very recently been studied©
The findings of this la tte r  investigation, carried out by Johnson et al 
are very relevant to our own work and w il l  therefore be summarised b r ie fly  
in the follovdng paragraphs®
Using optical microscopy these workers observed the formation 
of an array o f small, irregularly-shaped erosion centres that covered up to 
1% o f the A l surface area o f coated GaAs samples (both epitaxial and bulk 
single crystal) vacuum annealed at 4Q0 or 500°C fo r 1 hr© These defects 
were found to be dimensionality larger at the higher anneal temperature. 
Scanning electron microscopy revealed that the erosion centres were 
crater-like depressions that actually exposed the GaAs beneath* They 
speculated that these centres may have been created by indiffusion o f Al 
along dislocation lines.
Data from selected-area transmission electron d iffraction  (TED) 
and darlo field  transmission electron microscopy (TEM) indicated the presence
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of A l in the form o f precipitates in the near-surfacc ( <1000 A ) region 
o f the GaAs substrate of a specimen annealed at 500° C fo r  2 hr s. The A l 
precipitation may be related to the presumed diffusion along dislocation 
lines mentioned earlier®
TED patterns obtained fo r an A l -  GaAs structure annealed at 575°0 
fo r  2 hrs indicated the formation o f Al As crysta llites at the metal - 
semiconductor interface; no other compounds were detected®
Chemical depth p ro files  obtained by Auger analysis after a 
500°C / 2 hr anneal, provided further evidence o f Interdiffusion© A small 
Ga peak at the A l surface, together with a Ga concentration above trace 
leve ls  in the film , suggested that Ga had diffused through the A l coating.
In addition, these pm f i le s  also showed that A l had diffused into the GaAs 
substrate©
Finally, these authors demonstrated that the metallurgical 
reaction producing polycrystalline Al As at the interface was uniquely 
responsible fo r  changing the e lec tr ica l properties o f annealed A l -  GaAs 
Schottky barrier structures©
Our backscattering spectra ( Fig© 4*10 (a) ) taken before and
after an 800°C / 5 min anneal tend to confirm the above mentioned
outdiffusion o f Ga into A l but, unfortunately, our technique cannot
distinguish between Ga and As* Although the shape o f the post-anneal
spectrum would seem to sign ify  gross impurity outdiffusion, this is  not
in  fact true. The non-coincidence o f the GaAs edges o f the two spectra
is , we believe, purely an artifact caused by the rippled texture o f the
A l film  which occurs as a result o f annealing© In contrast to the findings
o f Johnson et al no Ga peak corresponding to collection  at the Al
surface was observed but this may be due to the re lative  insensitivity of
the BBS technique© The impurity was, however, distributed throughout the 
o
1600 A film  and th is may be consistent with the observation o f the rapid 
penetration o f liqu id Ga along grain boundaries in bulk polycrystalline 
Al DOS).
These RBS results also showed a significant indiffusion of Al 
into the underlying GaAs and th is was corroborated by a RHSED analysis 
performed after removing the encapsulant. which detected polycrystalline 
A l in the near-surface region o f the substrate® This is  consistent with 
the TED, TIM and Auger results reported by Johnson et al© From the spectra
of Fig© 4*10 (b) we can obtain a rough estimate o f the maximum diffusion depth 
by making the crude assumption that the stopping powers o f A l and GaAs, with 
respect to the He beam, are equal :
Width o f A l peak before annealing = JG channels
o
~ 1600 A (Talystep measurement)
Width of Al peak after
800°0/ 5 min anneal = 144 channels
' s 144 x (1600 / 96 ) A
o
ss 2400 A
o o
Therefore, the maximum diffusion depth o f A l in GaAs s 2400 .» 1600 A = 800 A ©
G-reater values than th is, which refers to diffusion in epitaxial G'oAs, have
been obtained fo r sim ilarly treated bullc SI GaAs© This is  consistent with the 
fact that bulk GaAs has a larger density o f dislocation lines, along which 
Al is  believed to diffuse, than epitaxial material©
Summarising, then, the reasons fo r  the fa ilu re of Al encapsulation 
at high temperatures may include the following: loss o f Ga/As from those 
regions of the GaAs surface exposed by erosion craters in the encapsulant, 
Ga/As outdiffusion Into the A l film , indiffusion of A l and the formation o f 
an in terfacia l layer o f polycrystalline Al As©
Although Johnson et al. observed erosion p its  a fter anneals at 400 
and 500°G, v/e bell,eve that a d ifferent situation prevailed fo r  our anneals 
which were a ll conducted above the melting point of Al (660°0)© Here, i t  is  
speculated that the liqu id A l sealed any p itting defects that may have 
formed before the melting point v/as reached© This is  in fact borne out 
by our optical, examination o f the surface topography o f A l surfaces after 
annealing which shov/ed no evidence fo r  the presence o f such erosion centres© 
Surface non-stoichiometry v/as, therefore, caused by Ga/As outdiffusion into 
the A l and not by direct loss to the annealing atmosphere© Even so, RBS 
analysis has shown that this loss was not serious at 700°C since the surface 
composition remained unchanged© At 800°C, however, although epitaxial 
specimens were found to be stoichiometric, the Ga and As peaks could not be 
resolved fox- SI specimens suggesting surface disorder and probable change 
in surface atomic proportions©
Schottky barriers are known to be extremely sensitive to 
metallurgical reactions occurring at the metal -  semiconductor interface 
whereas the e lectrica l properties o f semiconductors subjected to ion
implantation, which is  a bulk rather than surface phenomenon, are not 
influenced to the same extent© I t  is  therefore not surprising to find 
that although the e lec tr ica l characteristics of Al -  GaAs Schottlcy 
structures were altered considerably by temperatures as low as 4QQ°G, 
ascribed to the formation of Al As  ^ , no perceptible e ffect was
observed in our Sn implanted GaAs specimens annealed at 700 or 750°C with 
a protective Al coating® Above about 800°G, however, we believe that the 
in terfacia l A l As layer extends deeply enough into the implanted GaAs 
surface to account partly fo r the deterioration in observed e lectrica l 
properties at these high temperatures; the actual mechanism whereby this 
occurs is  not at present understood* An additional complicating factor 
at high temperatures is  the possible formation o f Ga. A l As*I “ IK! X
5.6 Native Oxide + Alnninium encapsulation
A. native oxide Interlayer was proposed to reduce the interdiffusion 
e ffects  that inevitably occur at the interface of an annealed Al -  GaAs 
structure* Our work indicates that such an oxide serves th is purpose 
e ffec tive ly  up to about 800°G but at higher temperatures, although often 
giving better results than unoxidised specimens, is  unreliable©
The reduction in metallurgical reaction at the GaAs surface was 
clearly evident, especially fo r high anneal temperatures, from optical 
examination of specimens after removal, o f the oxide and Al layers® At 800°G, 
fo r  example, although there was extensive surface staining (attributed to 
the formation of A l As and possibly, at th is high temperature, Ga. Al As)1 “X X
in unoxidised samples, none was observed when the intermediate oxide layer 
was used® At 900°0, however, some staining in the la tte r  case was evident 
indicating that the native oxide was no longer to ta lly  e ffective  in preventing 
interdiffusion*
KBS spectra ( Fig* 4*13 ) fo r  SI specimens annealed at 700 or 800°G 
fo r 15 min show that both outdiffusion of Ga/As through the oxide into the Al 
overlayer and indiffusion o f Al into the GaAs substrate v ia  the interlayer 
had occurred* I t  would be instructive to estimate from the pro files  o f 
Fig. 4*13 (b) the diffusion depths o f A l in GaAs and to compare them with 
the value calculated in the previous section fo r  an unoxidised, A l coated 
specimen. To obtain rough estimates we shall make the simplifying assumption 
that the stopping powers o f GaAs, Ga  ^ 0  ^ and Al are a l l  equal ;
Width o f A l peak before annealing = 96 channels
o
2000 A (TaXystep measurement)
Width o f A l peak after
70G°C/13 min. anneal s= 1 44 channels
»  144 x (2000 / 96 ) A
s 3000 A
Width o f Al peak after
800°C/15 min anneal t> ™ 168 channels
= 168 x ( 2000/ 96) A
o
= 3500 A.
The A l diffusion occurred through the oxides into the GaAs substrates;
o
in both cases the oxides were rs* 900 A thick, as estimated from their 
blue interference colour.
Therefore, the maximum diffusion depth o f A l in GaAs
=: 3000 -  2000 -  900 A s 100 A ( 700°0 / 15 min anneal )
S 3500 -  2000 -  900 A = 600 A ( 800°G / 15 min anneal. )
o
In the last section a GaAs 4* A3, sample yielded a value o f 800 A fo r  an
800°G / 5 mill anneal* Since diffusion depth is proportional to the square
I j — 0 o
root o f anneal time, th is translates into a depth o f 800 x < 1 5 / 5  A s  1400 A
fo r  an 800°G / 15 min anneal© This compares with the above value o f only
600 A. obtained fo r  a sim ilarly annealed ( i 0e0 800°0 / 15 min ) specimen
with an oxide interlayer © These simple calculations suggest that although
the oxide prevents the deep penetration o f A l into the GaAs substrate i t
/ 0 \would require a thicker layer ( say 2000 A ) to prevent this indiffusion 
altogether© Unfortunately© as the thickness is  increased there is  a greater 
likelihood o f the oxide cracking and, furthermore, the inevitable loss o f 
the implanted p ro file  near the GaAs surface may reach unacceptable proportions.
Although the oxide layer lim its the formation o f A l As at the GaAs 
surface i t  cannot prevent the outdif fusion o f Ga/As into the A l overlayer©
The observed deterioration in e lec tr ica l characteristics o f Sn implanted GaAs 
coated with this dual encapsulant and annealed above 800°G was, therefore, 
mainly due to changes in the Ga : As ratio with the contribution due to A l As 
being only minor© This is  consistent with our observation that although both 
A l and oxide + Al encapsulants were prone to fa ilu re at temperatures 
approaching 900°C, the la tte r  generally gave better results©
H all measurements on Sn implanted GaAs specimens annealed at
700°C / 15 min or 800°G / 5 min subsequent to encapsulation w ith Gag 0^ 4-  A l
1 0 0  -
indicated that the peak electron concentrations and e lec tr ica l a c tiv ities
were similar to values obtained fo r  Al encapsulated specimens treated in
the same way® That th is occurred fo r the dual coating despite the loss o f 
o
about 400 -  700 A of the carrier p ro file  suggests that i t  may be the superior 
encapsulant© An additional advantage is  the observed higher sheet mobility 
which is  most probably a result o f the reduction in  interdiffusion at the 
GaAs surface due to the presence o f the oxide inter layer®
The lim itations o f oxide + A l encapsulation became clearly 
apparent fo r  long anneal times at temperatures above 800°G® The majority 
o f anneals conducted at 800°C , fo r  instance, were successful when treatment 
times of 5 min were employed, but most fa iled  when the time was increased 
to 15 or 30 min© For the longer anneals, i t  would seem, the intermediate 
oxide layers fa iled  to reduce sign ificantly the reaction between Al and GaAs© 
This suggests that i t  may be feasib le to use the dual coating to obtain 
reproducible e lec tr ica l properties at, say, 900°G i f  the anneal time is  
kept very short, say 1 or 2 min©
5®7 Annealing Kinetics of Tin implanted GaAs
5*7* 1 Introduction
In this section we shall analyse the data presented in Tables 4**5
and 4**6 of the previous chapter and discuss the e ffects on the e lec tr ica l 
properties of Sn Implanted GaAs o f varying the annealing temperature and 
time®
Ydhen the above data were obtained the crucial importance of 
maintaining a very close control over the annealing temperature was not 
fu lly  appreciated® This resulted in a considerable difference in values 
of sheet carrier concentration measured at nominally the same temperature© 
However, this work was followed up by other members of the GaAs group, 
who paid particular attention to the experimental conditions during each 
anneal and were therefore able to obtain more consistent and reliab le results® 
These results w il l  be compared with our own, wherever possible, as they 
provide an independent check on the va lid ity  o f our experimental work®
5*7*2 Experimental Errors
In order to explain the scatter in values o f e lec tr ica l activ ity  
observed fo r  implanted specimens that v/ere heat treated at nominally the 
same temperature, i t  is  essential to understand the Important contribution
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to inaccuracy due to small differences in  annealing temperature0
Let us assume that the activation of implanted ions occurs 
according to a simple exponential function s
ng s A exp
where n = sheet carrier concentration (cm”  )3
A s some constant (cm”  )
Q s activation energy (eV)
e a electronic charge ( 0)
k s Boltzmann constant (J / °K)
T =r annealing temperature (°K)
The linear relationship between In (n^) and T*° , obtained experimentally 
by Surridge et a l ^   ^ fo r instance, indicates that this assumption is
in fact justified© By d ifferen tiating the expression and assuming small 
errors A n  and AT we have s
A u^  s A t
n k f Ts — J. ^
The activation energy, Q, is  o f the order o f 1 eV and therefore the
function Qe / IdT takes on values between 13*2 at T c 873°K (600°0) and 9*0 
at T a 1273°K (1000°0)© In other words, fo r the typical annealing temperatures 
employed in this work, the percentage change in the sheet carrier concentration 
w il l  be about 10 times the percentage change in annealing temperature (°K) © 
This clearly suggests that the repi’oducibility of e lec tr ica l activ ity  w ill  be 
poor unless the desired annealing temperature can be closely maintained 
throughout the anneal cj^cle and, furthermore, be repeated accurately from 
specimen to specimen©
We shall now consider the maximum errors in annealing temperature 
that occurred in the experimental work© The ~?0Q°G anneals were a ll carried 
out very early in the project and were subject to considerably greater error 
than the la ter, more carefu lly controlled, 750°G anneals© The procedure 
adopted fo r  the 700°C anneals was to use the calibration curves (hot zone 
position and temperature as functions of furnace control temperature), set
1 0 2  -
the control temperature to give the required 700°C in the hot zone and 
then perfoarm the anneal fo r  the specified time; the specimen temperature 
was not monitored during the anneal® I t  was subsequently discovered that 
the calibration pro files  were accurate only fo r samples placed along the 
axis o f the furnace tube® Our samples were in fact placed at the bottom 
of the tube and thermocouple measurements revealed that instead of the 
expected 700°0, the mean temperature was actually about 730°C® Furthermore, 
variations o f up to ± 30° around th is mean value occurred due to the 
d iff icu lty  in accurately resetting the control temperature© The sheet 
electron concentration and mobility curves o f Fig© 5*3 foz1 " 700°G 1 
anneals are therefore rea lly  fo r  anneals conducted at about 730°Co Even 
i f  the sheet electron concentration curve is  relabelled as 730°C, there is  
s t i l l  a large uncertainty in individual values o f n o f about *  30%Jp
due to the poor temperature repeatability
ofrom anneal to anneal. In  the ligh t of these findings the subsequent 750 G 
anneals were a l l  monitored using two thermocouples placed at opposite ends 
o f the specimen holder® By fine adjustments to the furnace controller the 
temperature during each heat treatment was kept within the range 750 £ 10°C, 
with a consequent uncertainty in n o f about *  10% / An ,A .A \
s \ r r^ *o X 1U \ o
\ns 750 * 273/
We have greater confidence, therefore, in the sheet electron concentration 
and mobility p ro files  o f Fig® 5*4 than o f F ig0 5©3a despite the fewer data 
points in the former©
Apart from temperature Variations, a further source o f error may
( A
arise i f  beam channelling occurs during implantation. Karris et al
have demonstrated that, in general, "channelled" implants (i©e© implants
normal to the specimen surface) yie3.d significantly higher e lec tr ica l
activ ities  than "random" implants (i©e© implants at 8° to the surface normal)©
13 ~2For the particular case o f Sn ( 1 x 1Q cm"3 at 90 IceV ) implanted into 
<(l00/> epitaxial iv^SI GaAs and annealed at 70Q°G, they recorded activ ities  
fo r  channelled implants that were 2 - 3  times those fo r  random implants® To 
minimise the effects o f channelling, a l l  our specimens were mounted in a 
fixed  target holder machined so that the. ion beam automatical3y impinged 
at 8° to the surface normal® I t  is  now suspected that the springs which 
secured the specimens to the holder may not have been completely e ffective  
and could, in some cases, have permitted a change in sample alignment with
An c
n
_30_
730 -f 273,
respect to the beam resulting in a significant degree o f ion channelling©
Other errors, such as the inaccuracies involved in the Hall e ffect 
determinations o f n and u, are considered to be negligible in comparison
S '
with the major e ffects  o f non-reproducibility o f annealing temperature and 
inadvertent channelling«
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Pigs© 5o3 and 5«4 show the dependence of sheet electron
concentration and mobility on annealing time at 700 and 750°G respectively©
The annealing tine here refers to the tame each specimen spent in the hot
zone o f the furnace and includes the period of about 2 min required to reach
the specified annealing temperature© For both temperatures the sheet electron
concentration increased with annealing time until, a fter about 15 -  30 min,
a saturation leve l was reached© At 700°G the mobility remained fa ir ly
constant at about 3000 cm2 / V® s as the armealing time increased© At 750°G,
2however, the mobility decreased from a value of about 5000 cm / Vcs after
p
5 min to 3000 cm’ / V0s a fter 30 min© This f a l l  in mobility could be due 
either to encapsulant degradation or to the increasing e ffect of impurity 
scattering®
Figs© 5*3 end 5*4 also include results obtained by Surridge et al
who minimised errors by maintaining a close control ( £ 3°0 ) over the
annealing temperature® There is  close agreement at 750°0 which is  consistent
with what has been stated in the previous section on experimental errors® 
oAt 700 0, however, i t  is  quite evident from the sheet carrier concentration 
curves that our results re fer to a higher temperature than the assumed "?0Q°G9 
This again is  in agreement with the previous section in which we estimated 
the temperature to be in the range 730 «t 30°Go
To conclude, we shall mention here the results o f the investigation 
carried out into the depth dependence o f e lec tr ica lly  active Sn donors as a 
function of annealing time at a constant temperature© Fig© 4*8, which shows 
the depth profil.es of electron concentration ( cm”3 ) fo r  anneals at 700°C 
fo r  2, 15 and 60 min, suggests the existence o f two distinct depth regions ; 
a region near the theoretical LSS atomic range which .does not exhibit a 
significant annealing time dependence and a deeper region, containing the 
ta ils  o f the profiles, which is  highly sensitive to annealing time ® Similar 
findings have also been reported f or ainpl anted specimens annealed
fo r  5 and 30 min at 750°C©
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The variation o f saturation values o f sheet carrier concentration
with reciprocal annealing temperature is  plotted in Fig© 5*5. This gives
an essentially linear relationship with an associated activation energy of
about 0©6 eV© Although the data points fo r 750 and 80Q°G are fa ir ly
ore liab le, those fo r  700 C are in error and should rea lly  be plotted to
correspond to a temperature o f 730°0 as discussed earlier© I f  this is  done,
the slope o f the line w il l  increase giving an activation energy approaching
1 eV'o As a comparison, the above figure also includes data from the work
o f Surridge et a l ' which y ie ld  an activation energy fo r  the annealing
process o f about 1 eY fo r  temperatures greater than 660°Co We believe that
this activation energy can be attributed to the dissociation of donor -
vacancy ( Sir, Y ) complexes© This is  consistent with previously published 
u*a as / ^  09)
data by Hwang 7 who investigated the annealing kinetics o f Te
doped bulk GaAs and discussed the variation o f donor ~ vacancy (Te^g V ^ ) 
complexes with heat treatment; in  th is case activation energies of 
0©75 -  0©85 eV were obtained©
The electron concentration ( ism”3 ) depth p rofiles fo r  5 min
anneals at 700, 800 and 900°C are shown in Fig© 4*7® The 900°G (s i )  p ro file
w i l l  be ignored; i t  is  unfair to compare i t  with the 700 and 800°G (ep itax ia l)
p ro files  because the annealing behaviour o f SI and epitaxial GaAs is  known
to be significantly different© The p ro files  fo r 700 and 800°0 anneals show
no evidence fo r the existence o f two depth regions where d ifferent annealing
kinetics occur© This is  consistent with the work o f Surridge et a l ^1° 7^
in which no significant change in the ta ils  of the electron concentration
0pro files  was observed fo r  isochronal anneals conducted above 700 C© However, 
these workers found that isochronal anneals in. the range 650 -  700°G 
resulted in a large change in activ ity  in the region well beyond the LSS 
range with a much smaller e ffect occurring nearer the LSS peak©
5 ©7o5 General Discussion
An interesting feature of the annealing kinetics o f Sn implanted 
GaAs is  the observation of two distinct depth regions with the electron 
concentration in the deeper region being fa r  more sensitive to changes 
in annealing time© One explanation to account fo r  this difference in 
behaviour is  that the damage density is  higher near the LSS range and 
decreases deeper in the material© Furfchermore, the nature of the damage
-  107 -
900 8 5 0  BOO 750 700 650  600 °C
TIIE DEPENDENCE OF SATURATION VALUES OF SHEET ELECTRON CONCENTRATION
UPON ANNEALING TEMPERATURE
FIG® 5,5
in the two regions may also he d ifferen t with, fo r  instance, the kind o f
defects present near the LSS peak being more d iff ic u lt  to anneal out©
The TEM investigation o f damage in Te implanted GaAs carried out by
Sealy ^  ^  provides evidence fo r  the existence o f defects near the
specimen surface that d iffe r  both in size and density from defects
. 1 5 - 2occurring deeper xn* A fter annealing Te implanted specimens ( 1 x 10 cm
150 keV, 180°C ) at 600°0 large dislocation loops, with diameters greater 
o
than 1000 A, v/e re observed© There was a second distribution of loop sizes,
located nearer the implanted surface than the large loops, with a mean 
o
diameter o f 120 A and a density about an order o f magnitude greater than 
the deeper' loops© Evidence o f two distxubutions o f loop sizes was also 
obtained after annealing at 750°0 bub was not so apparent as fox’ specimens 
annealed at 600°G<> This la tte r  finding could explain why the annealing 
behaviour o f the near -  surface and deeper regions o f Sn implanted GaAs 
d iffered  fo r  isochronal anneals o f 650 -  700°0 but were found to be similar 
fo r  isochronal annealing above 700°0o
Although v/e have confined our- study o f annealing kinetics solely 
to Sn (Group IV) implants, follow-up work by Surridge et al indicates
that the annealing behaviour o f Se (Group VI) implants is  broadly similar® 
For example, the activation energy obtained fo r  Se implanted specimens 
( 1 eV ) between 600 and 720°C was similar to that fo r Sn above 660°GC 
Above 720°0, however-, there was a significant difference attributed to 
either fa ilu re o f the encapsulant or to the formation of higher order 
complexes such as 3 V^ , which dissociate only at high temperatures©
In addition, as fo r Sn, two depth regions were identified : one, near the 
theoretical atomic x-ange, was independent of annealing time whereas the 
other, which occurred deeper in, was strongly time dependent© I t  is  
reasonable, then, to assume that other donor from Group IV ( G, Si, Ge, Fb ) 
and Group. VI ( 0, S, Te ) would also behave in a similar manner©
The main part of this thesis has involved the investigation of the 
re la tive  e ffic iencies o f Si09, Si^ N^, Cr + Si^ N ,^ native G-a^  0^, Al and 
native Ga2 0  ^ + Al as encapsulants fo r  GaAs® In addition, using the two 
most successful encapsulants ( Al and Ga2 0  ^ + A l ) ,  a study o f the annealing 
kinetics o f Sn implanted GaAs has also been carried out® The main conclusions 
to be drawn from this work w il l  now be summarised©
Annealing Si02 encapsulated GaAs in nitrogen at 750°0 results in 
outdiffusion and collection  of Ga at, or near, the encapsulant surface® 
Although no such loss occurs fo r sim ilarly treated GaAs encapsulated with 
Si^ N ,^ there is  considerable bubbling and loss o f adhesion o f the coating® 
Evidence also suggests that both these encapsulants are adversely affected
by the presence of oxygen in the annealing atmosphere® I t  should be noted,
however, that the method of deposition is  an important factor and that, in
many instances, SiO^ and Si^ have been used successfully as encapsulants 
fo r  device fabrication©
. / 0  \The use of a thin ( rxJ 200 A ) Cr interlayer sandwiched between
the S i, N. film  and the GaAs substrate reduces significantly the tendency
oo f the nitride to b lis te r  and permits annealing up to about 1000 0 with only 
minimal deterioration o f the Si^ N^  surface© Unfortunately, Cr diffuses 
into the GaAs substrate and forms a chemical compound with As or Ga® This 
results in an insoluble surface layer Y/hich prevents e lec tr ica l contact to 
the underlying material©
Thermally grovai native Ga2 0  ^ is  an unsatisfactory encapsulant 
fo r implanted GaAs: although good e lec tr ica l characteristics can sometimes 
be obtained, the reproducibility is  pool-® This is  attributed to the 
d iff ic u lty  in growing thermal oxides o f a consistently high quality.
Sn implanted GaAs encapsulated with an evaporated layer o f Al
gives very successful and reproducible results on annealing at 700°C©
2
Typical e lec tr ica l characteristics fo r  a 2 x 10 Sn* / cm implant at 
300 keV and 200°G following a 700°C / 15 min anneal are : peak electron
concentration = 1©1 x 10*^ 8 cm” '*’ ( at a depth of 1700 A ) ,  sheet Hall
2 * mobility c 2800 cm / V„s and electrica l' activ ity  = 6©9%« Although no
encapsulant degradation occurs at 700°G even fo r annealing times as long as
60 min, the performance at 800 and 900°C is  unreliable except fo r  very short
treatment tames ( < ( . 5  min )© Above 700°C there is  significant staining of
CONCLUSIONS
the GaAs surface as a result o f intex-diffusion at the GaAs -  Al interface 
and formation of Al As and possibly also Ga. A l As©1 X X
Native oxide + A l encapsulation fo r  Sn Implanted GaAs yields 
electrical, properties very similar to those obtained fo r Al alone except 
fo r  the position o f the peak o f the electron concentration p ro file  which, 
on account of the consumption o f GaAs during the oxide growth, is  nearer 
the surface© The advantage o f th e ‘oxide interlayer is  it s  ab ility  to reduce 
significantly the metallurgical reaction between GaAs and Al and consequently 
stain-free surfaces are obtainable up to about 900°Co Nevertheless, this 
dual coating encapsulant is  unreliable at 800°0 and above, especially i f  
annealing times longer than about 5 min are employed © I f  the implant is  
conducted through pre-oxi&ised GaAs followed by deposition o f an Al overcoating 
and annealing, the peak position o f the carrier concentration p ro file , mobility 
and e lec tr ica l activ ity  are a l l  similar to values obtained fo r Al coatings©
The sheet electron concentration of samples o f Sn implanted GaAs 
annealed at 700 or 750°C increases with annealing time until, a fter about 
1 5 - 3 0  min, a saturation leve l is  reached® A linear relationship holds 
between the logarithm o f the saturated sheet electron concentration and the 
reciprocal annealing temperature, with an activation energy o f about 1 eV 
characterising the annealing process© This value is  believed to be consistent 
with an activation process whereby do no r-vae ancy ( Sn^ ) complexes
dissociate© Two distinct depth regions exist in which different annealing 
kinetics occur: a region near the theoretical LSS range in which the electron 
concentration is  not sign ificantly dependent on annealing time and a deeper 
region, containing the t a i l  o f the p ro file , where the e lec tr ica l activ ity  is  
highly sensitive to changes in annealing time© I t  is  postulated that th is 
difference in behaviour is  due to the damage nearer the surface having a 
higher density than, and possibly even d iffering in nature from, damage 
existing deeper in the material© I t  is  believed that the annealing behaviour 
o f other donor implants may be similar, in most respects, to that of Sn©
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